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Abstract 
ABSTRACT 
A series of polyurethane (PU)-organoclay nanocompositcs were synthcsised by swelling 
organically-modified layered silicate (organoclay) in a polyol with subsequent 
polymerisation. The techniques of wide-angle x-ray diffraction (WAXD), small-angle x-ray 
scattering (SAXS), transmission electronic microscopy (TEM), scanning electronic 
microscopy (SEM), Fourier transform infer-red spectroscopy (FTIR), modulated 
differential scanning calorimetry (MDSQ, contact angle measurement and tensile test were 
used to investigate the effect of addition of organoclay on curing dynamics, phase structure, 
tensile properties, dynamical mechanical thermal analysis (DMTA), fatigue durability and 
surface properties of PUs. 
FTIR and MDSC revealed that the addition of organoclay has an important influence on 
curing process of PUs. With increasing organoclay, the reaction between -OH group in 
polyol and -NCO in isocyanate became fast. 
WAXD and TEM results showed that PU-organoclay nanocomposites prepared in this 
research were intercalated materials ones. The addition of organoclay has significant 
influences on the phase structure of PUs. SAXS results revealed that the long period 
(average thickness of soft and hard segment) decreased with increasing organoclay. 
Contact angle measurement showed that the organoclay can affect the surface properties of 
PU nanocomposites. The addition of organoclay resulted in the decrease in surface energy. 
AFM results revealed that the adhesion force of the surface of PU nanocomposites 
decreased with increasing organoclay. 
Tensile strength and elongation of PUs at break were improved significantly by 
incorporating organoclay. The tensile strength increased up to 100%, and elongation 
increased up to 120%. At high soft segment content, with increasing organoclay, the 
modulus decreased slightly, and at low soft segment content, the modulus increased with 
increasing organoclay. The addition of organoclay improved significantly thermal stability 
of PUs. Fatigue measurements suggested that the fatigue durability can significantly be 
improved by incorporating organoclay. A nanospring concept for understanding the 
enhancement has been proposed. 
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Chapter 1: Research Background andAitm of the Project 
Chapter 1 
Research Background and Aims of the Project 
1.1 Research background 
Fillers have been widely used in the polymer industry for reinforcement of polymer 
materials [1-3]. For example, rubbers containing only processing aids and chemicals 
for protection, colouring and effecting vulcanisation are known as gum or unfilled 
rubbers. The majority of rubbers used for engineering applications contain fillers. 
Generally there are the many kinds of commercial carbon black, which may comprise 
up to one-third of the total volume of the vulcanisation. Fillers are also important to 
modifying some properties of polyurethanes [4]. They (for example, carbon black 
and chalk) can be used in polyurethanes for "stretching", i. e. to reduce the cost. On 
other hand, fillers also have some special functions. Anti-aging, photo-oxidation and 
hydrolysis protection are also essential for polyurethanes in many applications. 
Colorants for dying are available as pastes. Preparations made of inorganic/organic 
dyes or pigments are used in polyols. Dyes which can be incorporated into the PU 
polymer via NCO-reactive groups are also available [4]. 
For improving the physical properties of polyurethanes, some fillers are used to 
reinforce polyurethanes, such as fibrous or platelet fillers, which have been 
investigated for use with reaction injection moulding (RIM) [5] of polyurethanes. 
They are chopped glass fibres [6], hammer milled glass fibres [7], glass microspheres 
[8], mica [9] and Wallastonite [10]. In order to get good wetting and bonding between 
the Polyurethane and the fillers, the filler surface should be treated with a chemical 
coupling agent [3]. 
In principle, the interaction of filler with a polymer is greatly dependent on the 
physical and chemical natures of the filler surface [3]. The effectiveness of 
reinforcement should increase with decreasing filler size and modification of the 
surface [11,12]. 
Nanocomposites are a novel kind of composite [12], where the particle-filled 
polymers have at least one dimension of the dispersed particles in the nanometre 
range. The term describes a two-phase material, where one of phase is dispersed in 
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the second on the nanometre (10-9m) scale. According to how many dimensions of 
dispersed particles are on the nanometre scale, there are three types of nanocomposite. 
When the particles have three dimensions in the order of nanometres, the particles 
form iso-dimensional nanoparticles, such as spherical silica nanoparticles. They can 
be obtained by in situ sol-gel methods [13] and by polymerisation [14]. It is also 
found that some particles have two dimensions in the order of nanometers, such as 
carbon nanotubes [ 15] and cellulose whiskers [ 16]. 
In this study, we only consider the third type of nanocomposite that is characterized 
by one dimension on the nanoscale. This filler is present as a sheet shape, one to a 
few nanometre thick and hundreds to thousands nanometres long. However, the 
formation of homogeneously dispersed anisotropic nanoparticles with high aspect 
ratios and good interfacial adhesion represents a key challenge in compound 
development. The chemical technology of organic-modified layered silicates 
(organoclays) [ 17] offers an interesting solution to resolve dispersion problems. These 
nanocomposites are almost exclusively obtained by the intercalation of the polymer 
inside the gallery of the layered host crystals [17]. They represent a new class of 
heterogeneous composite. Addition of organoclay nanoparticles to a polymer can 
result in better mechanical [ 17], flame resistant [ 18], thermal stability [ 19] and barrier 
properties [20]. During in situ polymerisation, anisotropic silicate nanolayers are 
formed which exhibit excellent adhesion to, and dispersion in, the polymeric phase 
[17]. Kojima and his co-workers [21] first synthesized nylon-clay nanocomposites. 
This nanocomposite gave raise to greatly improved mechanical and thermal 
properties. The results showed that it was possible to make a new class of materials. 
With 3-5wt. % organoclay, the same stiffness corresponding to 15-20 wt. % glass-fibre 
reinforcement can be obtained [21]. Their platelet-like shape not only makes them 
suitable for reinforcement, but also explains their barrier properties, because gas 
molecules have to move around the particles, and, thus, their diffusion path becomes 
much longer. 2 wt. % of clay reduces the gas permeability of a polyamide by 50% [211. 
Polyurethane elastomers are copolymers with unique properties, and are one of the 
most useful commercial polymer materials. Hence, much attention has been given to 
the synthesis, morphology, chemical and mechanical properties of this class of 
materials [15,22-24]. Recently, the development of polyurethane-organoclay 
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nanocomposites has been substantially driven by some researchers [17,25]. Even at a 
low content of organoclay [3,17], great improvements in the mechanical properties of 
polyurethanes are seen. We also have obtained similar experimental results in our 
laboratory. However, there is a notable lack of published literature explaining its 
importance. Thus, it is necessary to understand the relationships between 
morphology, structure and mechanical properties for polyurethane-organoclay 
nanocomposites. 
1.2. Aims of the project 
The aims of this research are to develop high performance polyurethane-organoclay 
nanocomposites. In order to achieve high performance polyurethane nanocomposites 
for applications in future, it is necessary to conduct some fundamental research. The 
following aspects will be focused on. 
1) To prepare a series of polyurethane-organoclay nanocomposites by in-situ 
polymerisation. 
2) To investigate the effect of addition of organoclay on curing dynamics. 
3) To characterize the morphology of the polyurethane-organoclay nanocomposites. 
4) To investigate the effect of organoclay on the mechanical properties of 
polyurethane-organoclay nanocomposites. 
5) To investigate the effect of organoclay on the surface properties of polyurethanes 
6) To investigate the effect of organoclay on fatigue durability. 
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2.1. Introduction 
Polyurethanes are versatile polymeric materials [1 -4], which can be tailored to meet a 
lot of needs in specific applications in modem technology, such as coatings, 
adhesives, reaction injection moulding, fibre, foams, rubbers, thermoplastic 
elastomers and composites. The materials were regarded as high cost polymers before 
1970. With technology developments, this situation is changing rapidly. Because 
polyurethanes have a unique combination of unusual properties and the ability to be 
processed by almost all known manufacturing techniques, they can be applied in a 
very broad range of fields. A journalist once described polyurethanes as the "jack of 
all trades". Polyurethanes are generally characterized by the urethane linkage. 
-NH-CO-0- 
The name "urethane" is an invented word, derived from ur ina (Latin: urine) ane ethan 
ol (French: ethanol), and is associated with the French chemist A. Wurtz [5] who first 
wrote a paper about the synthesis of isocyanates in 1848. The polyurethane chain 
contains many (hence "poly") urethane groups. In real situations, urethane groups are 
not necessarily in the repeating units on main chain in a regular order. This polymer 
also includes other groups as integral units in or on the main chains. Polyurethanes 
have been widely studied in the scientific research and industry fields, but this name 
is sometimes a misnomer. It is one of convenience rather than of accuracy, as in fact 
the kinds of polymer is not derived by polymerizing a monomeric urethane molecule, 
nor are they commonly polymers containing predominantly urethane groups in the 
main chain. Polyurethanes are prepared by reaction between a polyol (an alcohol with 
at least two reactive hydroxyl groups per molecule) and a diisocyanate, or a polymeric 
isocyanate, in the presence of suitable catalysts and additives. Strictly speaking, 
polyurethane should be abbreviated to "PUW' in compliance with international 
standards. However, the abbreviation "PU" is more common. 
The history of polyurethanes goes back to early pioneering work in the late 1930s [6- 
9]. Some German researchers wanted to develop a new fibre which would rival Nylon 
from DuPont. However, the endeavour was unsuccessful, because the acquired 
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polyureas were infusible. However, it led to Professor Otto Bayer and his co-workers 
discovering the principles of polyurethane production in 1937. A great market need 
promoted the development of the polyurethane industry, including urethane raw 
materials, processes, machinery, and the expansion of new polyurethane products. 
With a5 to 6% share of global plastics consumption, polyurethanes had the fifth 
consumption position of global plastic in 1997, after PE, PVC, PP, and PS. 
The isocyanate is one of the basic raw materials in the polyurethane industry. Wurtz 
[10] in 1849 was the first to synthesize aliphatic isocyantes and described a number of 
simple isocyanate reactions which are now very important to commercial reactions. 
The first aromatic isocyanate, phenyl isocyanate, was prepared by Hofmann [I I] by 
the pyrolysis of symmetrical diphenyloxamide. Over the years, many different 
methods have been developed for the synthesis of organic isocyanates. However, the 
method of Hentschel [12] has become the predominant commercial method for the 
preparation of isocyanates by the reaction of phosgene with arnines or their salts. 
The science and technology of polyurethanes started in Germany. However research 
on isocyanates also began in the United States [13]. Both countries were very active 
in research on polyurethane synthesis at that time. There were several patents granted 
to German and American companies during the early 1940's. During World War II, 
some Japanese researchers [14] also investigated the reaction of isocyanates and 
successfully synthesised 1,6-hexamethylene diisocyanate. Polyurethane products also 
were developed in the UK, primarily by Imperial Chemical Industries. In substance, 
the early pioneers in Germany, in the United States, the United Kingdom, Japan and 
other countries have contributed to the present polyurethane achievements. 
2.2. Polyurethane Chemistry 
The urethane group may be obtained via such synthetic routes as the reaction of 
chloroformic esters with amines, or of carbamic esters with alcohols. 
RNH2 + CICOOR' - RNHCOOR' + HCI 
ROH + R'OOCNHR' - ROOCNHR' + R'OH 
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However, commercially, the reaction between isocyanates and alcohols is the only 
one of significance. In practice, polyurethanes may also incorporate a variety of other 
functional groups. Consequently, the chemistry of polyurethanes are generally based 
on the ability of the isocyanate functional group to react with a compounds containing 
active hydrogen atom, i. e. compounds having hydrogen atoms which are replaceable 
by sodium. 
The reactivity of the isocyanate group with active hydrogen compound can be 
explained by the relative electro-negativities of the group constituent atom and the 
resulting resonance structures. 
++- 
-N --C ==O N ==: C ===0 e-l--'>--NýC --0 
These may be summarised by the general form shown below. 
8- 8+ 5- 
R-N ýC ýO 
This structure indicates that the electron density is greatest on the oxygen atom and 
least on the carbon atom. Thus, the oxygen atom carries the greatest net negative 
charge and the carbon atom a net positive charge. The nitrogen atom carries an 
intermediate net negative charge. Reactions of isocyanates with active hydrogen 
compounds, therefore, proceed via an attack of nucleophilic centre on the elecrophilic 
carbon atom. In such reactions, the active hydrogen compound acts as an electron 
donor. The electronegative substitutions in the active hydrogen compound tend to 
reduce electron density at the reactive site, so the rate of chemical reaction with 
isocyanate decreases. In contrast, electron-withdrawing substitutions in isocyanate 
compounds tend to increase the positive charge on the electrophilic carbon atom and 
cause increased reaction rates with electrophilic groups. 
R-NCO + HO-R' lo R-NH-COOR' Urethane 
R-NCO + H2N-R' 10 R-NH-CO-NH-R' Urea 
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The active hydrogen compounds which have the greatest importance for PU 
technology are alcohols and amines [151, which react with isocyanates to form 
urethanes or ureas, respectivel 
Urea derivatives are also produced as a result of the reaction of isocyanates with 
water. The carbarnic acid changes into an amine, which reacts fin-ther with an 
isocyanate to form a symmetrically substituted urea and gaseous C02. This reaction is 
the basis of polyurethane flexible foam production. 
R-NCO + H20 
, 
[R-NH-COOH] Carbamic acid 
[R-NH-COOH] lo R-NH2 + C02 Amine 
R-NCO + H2N-R 10 
R-NH-CO-NH-R Urea 
0 
Organic acids react with isocyanates, also fonning C02 and an amide structure. 
R-COOH + OCN-R' > CO 2+ R'-NH-CO-R Amine 
Urethanes and ureas possess further hydrogen atoms, which can react, under suitable 
reaction conditions, with isocyanate, and which result in allophanates and biurets. 
If di-or polyfunctional reagents are employed in any of these reactions, the formation 
of polymeric structures can occur. The use of purely di-functional compound leads to 
the formation of linear products, while higher functionality results in branched or 
crosslinked materials. Reactions of isocyanates with urethane, urea and amide groups 
already introduced into polymeric systems are possible due to the fact that they also 
contain active hydrogen atoms. These reactions lead to chain branching and 
crosslinking and the formation of allophanates and biurets, respectively. 
R-NH-COOR'+ OCN-R" W, R-N-CO-NH-R" Allophanate CbOR' 
R-NH-CO-NH-R'+ OCN-R" R-ý-CO-NH-R' Biuret 
CO-NH-R" 
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Other useful basic reactions of isocyanates are those which involve reaction with 
themselves. These can lead to the formation of dimers, trimers and polymeric 
structures. Dimerisation of isocyanates to form uretidiones provides a means to 
'block' isocyanates, With dissociation leading to the isocyanate function becoming 
available at elevated temperature. 
R- NCO + OCN R-R-N 
/Co 
R Uretedione 
ý-ýC 0 ', 
ý - 
Isocyanates may also react with themselves to form carbodiimides and liberate carbon 
dioxide. 
R- NCO + OCN -R- R-N-`CýN-R + Co 
Carbodiimide 
The resulting carbodiimides may then react with excess isocyanate to form 
uretoneimines, a reaction used for the modification of isocyanates, for example to 
reduce their melting point. 
RN ýCý NR + RNCO 
Uretoneimines 
NR 
11 
R-N 
^N-R 
C/ 
11 
0 
The trimerisation of isocyanates results in the formation of the isocyanate ring 
structure. In the case of diisocyanates, a trifunctional derivative is the product, which 
is capable of introducing chain branching and crosslinking into polyurethanes. 
1--11, 
c -0 
R- N 
'*'ý uR 
3 R- NCO 1 ý_o 
oý C \N/ 
Isocyanurate 
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Under certain conditions, (at low temperature with catalysts) isocyanates may also 
undergo polymerisation. 
0 
n R- NCO N 7n 
2.3 History of Polyurethane Elastomers 
The polyurethane elastomers are widely used in many special fields such as in 
automobiles and the shoe and mineral industries. They have some excellent 
properties, such as biocompatibility, elastic and abrasive properties. Polyurethane 
elastomers were first developed in the early 1940s, primarily in Germany [16-18] and 
the UK [19], although some early work on elastomers was also carried out in the 
USA. Schlack in Germany, who was not connected with Bayer's work, took saturated 
polyesters and chain extended them with diisocyanates in an effort to invent "super 
polymer". He did this research work around 1940, and also got elastomeric 
polyurethane materials. However, Schlack did not conduct this research any further. 
Pinten and coworkers [18] in Germany produced useful elastomers from polyesters 
made by reacting butanediol and a small amount of trimethylol propane with adipic 
acid. Crosslinking of these polyesters with a diisocyanate led to formation a kind of 
polyurethane elastomer. In a further extension of this work, 1,4-butanediamine was 
incorporated into the polyesters and subsequently crosslinked with a mixture of HDI 
and TDI which led to materials which exhibited superior properties [2]. 
At that time, Bayer[20] and his coworkers conducted an extensive investigation into 
polyurethane elastomers, which led to the development of "Vulcollan" rubbers. These 
were produced by preparing isocyanate-terminated prepolymers from polyesters 
derived from glycols and adipic acid and various aromatic diisocyanates. The Bayer 
team found that 1,5-naphthalene diisocyanate was especially suited for urethane 
elastomers. The prepolymer was then chain extended with a controlled amount of 
water forming urea groups, but having about 2-5% of unreacted isocyanate groups. 
Crosslinking of the extended polymer took place at elevated temperature (125-150T) 
through the reaction of the residual isocyanate groups with the active hydrogen- 
10 
Chapter 2: Literature Review 
containing urethane or urea groups. However, the isocyanate groups react faster with 
urea groups (biuret fon-nation) than with urethane group (allophanate formation). The 
former is the favoured. 
It was soon recognized that better control and better properties were achieved by 
chain extension with short chain glycols, diamines or alkanolamines [21]. The 
resulting products were in the form of millable gums which could be processed on 
conventional machinery. 
The ICI Dyestaffs Divison produced similar elastomers, termed "Vulcaprene", in 
which the polyester component was replaced with a polyesteramide [22]. 
in the United States, the Goodyear Tire and Rubber Co. brought out "Chemigum SL" 
and General Tire begin marketing "Genthane S" [23]. The first millable [24,25] gums 
based on polyethers, poly(oxytetramethylene) glycols (PTMEG), rather than polyester 
polyols, were introduced by DuPont under the tradenames of "Adiprenes B and C" . 
While most of the early urethane rubbers were produced on conventional rubber 
equipment, a significant advance in urethane elastomers was made by the introduction 
of liquid castable systems by Mueller [26] and co-workers at Bayer. It is interesting to 
note that Bayer's "Vulcollan" used NDI as the isocyanate component, while Mobay 
employed MDI in their corresponding "Multrathanes". Both glycols, especially 1,4- 
butanediol, and diamines were used as chain extenders for these castable elastomers. 
DuPont [27] developed a series of polyether-based castable elastomer systems under 
the tradename of "Adiprene L" (the first of an Adiprene L series). These consisted of 
NCO-terminated prepolymers based on PTMEG and TDI. These prepolymers could 
be chain-extended and crosslinked with a combination of 1,4-butanediol and 
ethylolpropane, but the preferred method was the use of "hindered" aromatic amines 
such as 4,4'-methylene-bis(o-chloroaniline), MBOCA, (formerly trade-named 
"MOCA") which resulted in far better mechanical properties. Due to the suspected 
carcinogenic activity of MBOCA, a series of different hindered aromatic amines were 
developed. 
11 
Chapter 2: Literature Review 
Low cost cast elastomers [28,29] based on poly(oxypropylene) glycol and TDI, cured 
with MBOCA or polyol, were developed at Wyandotte Chemicals Corp. (now BASF). 
These were prepared either by the prepolymer or the one-shot technique. 
Microcellular elastomers based on cast elastomer technology and using a fluorocarbon 
blowing agent gained wide acceptance, especially in the automotive and shoe markets 
[30]. A centrifugal casting process was developed by Bayer and Sigward for making 
items such as 0 rings, while Weinbremer [3 1] developed a rotational casting machine, 
suitable for casting bicycle tyres and endless belt. 
Thermoplastic urethane elastomers (TPUs) [32,33] were first reported in the 1950s. It 
has been found that glycol-extended Vulcollans could be successfully extruded or 
calendered. However, it was necessary to carry the condensation of the NCO- 
terminated prepolymer with the glycol to an intermediate stage, and after extrusion or 
calendering, the shaped articles were heated to cure. A major break though in the field 
of TPU's was the development of "Estane VC" TPU, by Schollenberger [34,35], 
prepared from 4-4' MDI, polytetramethylene adipate and 1,4-butanediol. Because of 
its toughness and high strength properties, this elastomer could be considered virtually 
crosslinked and could be processed on conventional thermoplastic processing 
equipment. 
Mobay introduced "Texin", "thermoplastic-thermosetting" urethane elastomers [36], 
which on heating underwent post-curing with the formation of crosslinks. Other TPUs 
were marketed based on polyesters, polycaprolactones and polyether polyols such as 
PTMEG, MDI as the preferred diisocyanate and various chain extenders such as 1,4- 
butanediol, 1,6-hexanediol, 4-4-bis(hydroxythyl) hydroquinone (HQEE), etc. 
Examples are "Roylar" by Uniroyal, which later on was sold to B. F. Goodrich and 
"Pellethane" developed by the Upjohn Co. which later on became a Dow Chemical 
product line. 
One of the most exciting developments in the history of polyurethanes was the 
development of reaction injection moulding (RIM) in the laboratories of Bayer AG in 
the mid- I 960s. RIM is a rapid process where two or more reactive liquid components 
are injected using high pressure impingement into a closed mould followed by 
demoulding in a very short time (less than one minute). The first generation of RIM 
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consisted of a urethane system using an EO-capped polyether triol or a polymeric 
polyol with a short diol, e. g. ethylene glycol, or a mixture of diols, and an organotin 
catalyst on the B-side. The modified liquid MDI (e. g. Isonate 143L) or a quasi- 
prepolymer of MDI is on the A-side. Urethane RIM was followed in short order by 
urethane -urea RIM using a hindered diamine, e. g. (DETDA) instead of a glycol as 
chain extender. The next stage for RIM was urea-RIM using polyetheramines instead 
of polyols and hindered diamine chain extenders. Since the reaction time of the urea- 
RIM was very short, modified urea-RIM (e. g. amide-modified) was introduced 
permitting longer reaction time. Many different forms of composite RIM systems, 
such as RRIM (reinforced RIM), SRIM (structural RIM) and more recently LD-RIM, 
were developed and have found important applications in the automotive and other 
industries [37]. 
2.4. Polyurethane Preparation 
2.4.1 Liquid Polyurethane Elastomer Systems 
This term is used to refer to the technology in which the raw materials are mixed and 
cast by pouring technology in fabricating products, including stable and unstable 
prepolymer systems. The mixed materials cast into hot moulds until dimensionally 
stable and then are post-cured in hot air for 3-24h at IOOT [381 
The system flowchart is follows. 
The two kinds of systems are different in the isocyanates they use. The stable systems 
are usually TDI- or MDI- based materials. The unstable system uses NDI as the 
diisocyanate. 
Prepolymer (stable 
or unstable )K 
Fýhain 
extender 
Liquid polyurethane 
F-Ca 
t into mould 
Cure in hot air 
Machine 
Finished product 
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2.4.2 Reaction Injection Moulding (Liquid Injection Moulding) 
Reaction injection moulding (RIM) is also called liquid injection moulding (LIM), or 
high pressure impingement mixing (HPIM). The flowchart is as follows. 
Polyol 
Chain extender Diisocyanate in 
Surfactant liquid form 
Catalyst 
Impingement mixed to yield 
PU elastorner then in to mould 
Moulded and cured 
I 
Finished 
2.4.3 Millable Polyurethanes 
Conventional natural and synthetic rubbers can be milled or Banbury mixed with 
reinforcing fillers, plasticizers and vulcanizing systems. This kind of polyurethane 
elastomer can be processed using a similar method. There are three types of curing, 
sulphur crosslinking, peroxide curing and diisocyanate reactions. 
2.4.4 Thermoplastic (Linear) Polyurethane Elatomers 
They can be used as coating and adhesives. The melt processing technology is the 
same as used for conventional thermoplastics. They consist of essentially linear 
primary polymer chains. The chains comprise relativity long flexible segments, which 
have been joined end-to-end by rigid chain segments through covalent chemical 
bonds. The rigid segments result in strong interactions, aggregation and ordering into 
hard segment domain in the polymer matrix. 
2.5 Polyurethane Elastomer Technology: New Developments 
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Polyurethane elastomers represent an active research field. Many kinds of 
technologies have been developed since the 1940s. In order to get high performance 
polyurethanes, a lot of researchers are still doing R and D work to satisfy market 
needs. Patents continue to be published. 
Ma et al, [39] presented a manufacturing method of polyurethane elastomer composite 
green tyre. This method yields composite of a rubber radial-ply tyre body and a 
polyurethane elastic tyre surface, including surface treatment of rubber tyre body and 
tire surface pouring of polyurethane. It combines the advantage of low friction 
resistant, safety and comfort ability of a radical-ply tyre and the fastness to wear of a 
polyurethane elastomer. 
Wang et al, [42] invented a new polyurethane adhesive, which is suitable for 
composite membranes such as Al-coated ones prepared from a polyurethane 
prepolymer, an organic solvent and an optional thermoplastic SBS elastomer, and 
solidifying agent. It shows high anti-stripping strength. 
Hitoshi et al, [41] uncovered a method for polyurethane, elastomer composites. The 
materials are used for conveyor belt rolls. A urethane composition for making such a 
sheet transport roll comprises: (A) a polyether polyol blend containing 
polytetramethyleneether glycol (PTMG) and polypropylene glycol (PPG) in a weight 
ratio of PTMG/PPG = 99/1 to 50150; (B) a polyisocyanate; and (C) a chain extender. 
This polyurethane composition in the cured state has a hardness of not less than shore 
A 40 and a crosslink density from 0.15 to 0.8 mmol/cm 3. 
A composition [42] for slush moulding is now discussed. The composition comprises 
a thermoplastic polyurethane elastomer (A) having a number average molecular 
weight of 10,000 to 50,000 and is mainly composed of a diol component, including an 
aromatic ring-containing diol, and a non-aromatic diisocyanate; a plasticizer (B). The 
composition provides moulded articles with excellent durability, such as thermal/light 
aging resistance and chemical resistance, soft touch at low temperature, and good 
appearance. 
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Renate [43] invented a microcellular polyurethane elastomer containing urea groups, 
which show better dynamic mechanical properties. This material is based on 4,4'- 
MDI. The urea content is from 14 to 18%. The microcellular polyurethane elastomer 
can be used for producing damping materials. 
Gorhard [44] presented a polyurethane elastomer that has an apparent overall density 
of 150 kg/M3. The isocyanates include MDI, modified MDI (NCO% 20% or more) 
and another polyisocyanate. The polyol has an average functionality of 2-8, an 
average molecular weight of 2000-12000. The primary hydroxyl content is 70-100%. 
The ratio of isocyanate/chain extender is less than 0.5. The water is used as blown 
agent. 
Yoshihiro [45] provide a thermoplastic polyurethane resin composite with excellent 
properties, such as heat resistance, hot -water resistance, elastic recovery, elongation 
etc. The thermoplastic resin is obtained by reacting a polyol and a chain extender with 
a diisocyanate. The isocyanate index is 110. The processing stabilizer contains 
diakylhydroxyphenyl. 
Evelyne [46] disclosed a method for the use of a thermally isolating composition in 
the form of a crosslinked polyurethane elastomer gel. This material is obtained by a 
polyol, a polyisocyanate and an inert organic filler for the thermal insulation of pipes 
contained in a duct for transferring products. 
A process for making clear elastomers [47] is has been reported. First, a polyol having 
a narrow molecular weight distribution (Mw/Mn<1.5) reacts with an aromatic 
diisocyanate at an NCO/OH ratio from about 1.3 to about 3.0 to give a non-viscous 
isocyanate-terminated prepolymer. A mixture that contains this prepolymer and an 
aliphatic diisocyanate is then reacted with an aromatic diamine to give a clear 
elastomer. The elastomers have excellent overall physical and mechanical properties, 
including a resilience greater than 55%. These elastomers are valuable for in-line 
skates and other applications for which clarity is important. 
A patent [48] exhibiting decreased demould times and improved green strength have 
been prepared by reacting a di- or polyisocyanate with a monodisperse 
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polyoxypropylene diol having ultra-low unsaturation, and preferably prepared by the 
catalyst of double metal cyanide t-butyl alcohol. It catalyzed polymerization of 
propylene oxide. Further improved demold times and elevated elastomer physical 
properties are made possible by the use of multidisperse polyoxyalkylene polyether 
polyol blends to have an overall unsaturation of less than 0.010 meq/g and a 
polydispersity of about 1.4 or greater. 
Peter [49] uncovered a method for the preparation of polyurethane clastomers with 
high friction, comprising: (a) a polyurethane prepolymer, (b) a curative and (c) a 
liquid non-reactive polydiethylsiloxane at 5-25wt%. The mixture is cured to form the 
elastomer. 
A hydrophobic polyurethane elastomer [50] has been reported. It comprises an 
isocyanate-terminated prepolymer comprising i): from 30 to 90 percent by weight of 
an OH -terminated homopolymer of butadiene having a molecular weight ranging 
from 1000 to 4000 and an OH functionality of from 1.9 to 2.1, ii): from 10 to 70 
percent by weight of an isocyanate and an asymmetric diol chain extender having a 
molecular weight ranging from 75 to 200. 
Lin presented [5 1] an invention that relates to a polyurethane elastomer [5 3] that has 
improved hydrolysis resistance. The polyurethane elastomer is made by reacting a 
polyol blend of an aromatic dicarboxylic acid-based polyester polyol, an aliphatic 
dicarboxylic acid-based polyester polyol, and a blowing agent. The polyol blend is 
reacted with an isocyanate-terminated prepolymer. The aromatic dicarboxylic acid - 
based polyester polyol is the reaction product of an aliphatic alcohol and ortho- 
phthalic acid. The aliphatic dicarboxylic acid-based polyester polyol is the reaction 
product of adipic acid and glycols. 
Lee [52] invented a method of rotational casting polyurethane elastomers. The 
formula includes a polyurethane prepolymer, a polyol and an mine curative. The 
amine curative comprises: (a) 1-45 wt% aminobenzoate polyol (molecular weight 
200-3000), (b) 55-98wt % aromatic polyamine, and (c) 0-5 wt% carboxylic acid 
catalyst. 
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Hitoshi [53] gave a method to prepare a polyurethane elastomer. The polyol is a 
polycarbonate diol. This material has high strength, high heat, oil and hydrolytic 
resistances, high elasticity and excellent low-temperature characteristics. 
Renate [43] presented a method for the preparation of polyurea elastomers. 'Me 
comprising (a) reaction of an amine chain extender with dialkyl maleate from an 
aspartic ester, (b) blending the aspartic ester with one or more polyoxyalkylenearnines 
to prepare a resin blend and (c) mixing the resin blend with an isocyanate under 
conditions effective to form a polyurea elastomer. 
in order to improve some properties of polyurethanes, methods have been widely 
investigated, such as making blend [54-67], IPN[68-71] and composites [72-74]. 
Polyurethane composites have attracted many researchers. Generally speacking, this 
method involves adding some filler. It is possible that the filler can improve some 
properties and reduce the production cost of the polyurethane. 
Correa and his co-workers [75] studied mechanical properties of thermoplastic 
polyurethane elastomers (TPUE) reinforced with short fibres. Two types of fibres 
were used as the discontinuous phase: an aromatic polyamide and a carbon fibre The 
TPUE (continuous phase) was a polyol-polyester type. Both types of composites had 
fibre concentrations of 10,20, and 30 wt. %. Component interaction was discussed. 
Composites reinforced with aromatic polyamides showed higher values in most of the 
tests, except in the abrasion resistance test, in which a smaller material loss was 
observed. 
Shonaike and his co-workers [76,77] studied the impregnation conditions and 
analyzed of elastic constants of glass fibre-reinforced polyurethane elastomer 
composites. The pre-mix fibre/matrix yam was compression moulded at various 
impregnation times using a specially constructed mould. Tensile tests were carried out 
to determine the longitudinal and transverse strength. Excellent agreement was 
achieved between the theoretical and experimental result. 
Epstein and Shishoo [78] investigated the influence of fibre type and fibre surface 
properties on matrix flow behaviour using a structural reaction injection moulding 
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(SRIM) [78]. The influence of fibre type, fibre surface properties and matrix type on 
strength properties in elastomeric composites reinforced with non-woven fibrous 
structures was investigated using tensile tests on elastomer composite samples from 
SRIM and latex coagulation (LC) fabrication methods and the micro-bond strength 
method on individual fibers. The fibres used were PET, LLDPE, and a polyaramid. 
Fibres were treated with epoxy resin, styrene and isocyanate derivatives, which make 
the surface chemically reactive. Treatments were also made with NaOH and a 
copolymer of polyester and polyol ether, causing a change in the fibre surface energy. 
The matrix types were polyurethane elastomer and natural rubber. The results show 
that the surface treatments, which produced a change in the surface energy, influenced 
the flow rate of the matrix polymer during the composite fabrication process. The 
treatments resulted in chemically reactive fibre surfaces, which improved the fibre- 
matrix bond strength without affecting the Young's modulus of the composite 
materials. Good correlation was found between bond strength, and surface energy, 
including the dispersive component of surface energy in the case of polyurethane 
elastomer and surface-modified PET fibres. The age of the polyurethane matrix has a 
marked influence on the bond strength. The fibre volume fraction in composites has a 
strong influence on the Young's modulus of the elastomer composite. 
2.6 Polyurethane/ Nanocomposites 
Petrovic and Zhang [79] studied glassy and elastomeric polyurethanes filled with 
organoclays. The properties of filled polymers depend on the properties of the matrix 
and the filler, the concentration of the components and their interactions. The effect of 
organoclay on the properties of an elastomer may be different from those of a filled a 
glassy polymer. They have compared the properties of a polyurethane elastomer and 
glassy polyurethane filled with organoclay and micron-sized silica. The glass 
transition of the urethane elastomer matrix was found to increase with increasing 
concentration of the organoclay. The density of the organoclay- filled elastomers was 
lower than that of the micro-silica filled samples, but the tensile strength and 
elongation at break were much higher. Both glassy and elastomeric polyurethanes 
filled with the nano-silica were transparent at all filler concentrations. For the glassy 
polyurethane, the glass transition, tensile strength and elongation at break of the 
glassy composites were not significantly affected by the presence of nano-silica. 
Presumably, the crosslinking in the glassy polyurethanes has an overriding effect on 
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properties, rather than the polymer-filler interactions, which dominate the behaviour 
of the elastomeric nanocomposites. Hsiao and his co-workers [80] studied nanoscale 
reinforcement by polyhedral oligomeric silsesquioxane (POSS) in a polyurethane 
elastomer. A unique class of polyurethane elastomers containing inorganic POSS 
molecules as molecular reinforcement in the hard segment was investigated by means 
of wide-angle X-ray diffraction (WAXD) and small-angle X-ray scattering (SAXS) 
techniques. WAXD results indicate that POSS molecules form nanoscale crystals 
showing distinct reflection peaks. The formation of POSS crystals is probably 
prompted by the micro-phase separation between solid-like hard segments and 
rubbery soft segments in the polyurethane. The microphase separation of hard and 
soft segments was observed by SAXS, which shows a long period of IIIA for 
34wtO/o POSS-PU and 162 A for 21 wO/o POSS-PU, and hard segment domains with 
sizes of about 34 A for both of them. WAXD results also confirmed the presence of 
nanoscale POSS crystals in the polymer matrix. Zoran and co-workers [81] have 
studied the effect of nano-silica on properties of segmented polyurethane. 
Thermoplastic polyurethane elastomers having soft segment concentrations (SSC) of 
50% and 70% were synthesised in the presence of l2nm silica nanoparticles. The 
concentration of nano-silica was varied from 0% to 30% in both series. Nano-silica 
had no significant effect on the glass transition of the soft segment, but it increased 
tensile strength and particularly elongation at break. Tear strength of the series with 
70% SSC was not affected by the presence of nano-silica, while an initial decrease 
was observed in the series with 50% SSC. Pinnaviaia et al. [82] studied organoclay 
reinforcement of elastomeric polyurethanes. At a loading of only lOwto/o organoclay, 
the strength, modulus, and strain-at-break all are increased by more than 100%. These 
tensile properties all increase with increasing loading of silicate nanolayers. It is very 
unusual to improve modulus while at the same time significantly improving the 
strength and toughness. The enhancement in strength and modulus is directly 
attributable to the reinforcement provided by dispersed silicate nano-fillers. The 
improved elasticity may be attributed, in part, to the plasticizing effect of the gallery 
onium ions, which contribute to dangling chain formation in the matrix, as well as to 
conformational effects on the polymer at the clay-matrix interface. Mulhaupt et al. 
[83] investigated polyurethane nanocomposites containing laminated, anisotropic 
nanoparticles derived from organoclays. In contrast to coventional mica-filled 
polyurethanes, polyurethane nanocomposites exhibit substantially higher elongation at 
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break combined with much higher tensile strength. There exists a linear correlation 
between weight fraction of ion-exchanged mica and tensile strength as well as 
elongation at break when the content of ion-exchanged mica was varied between 2.5- 
8wt. %. 
2.7 Raw Materials for of Polyurethane Synthesis 
2.7 1. Isocyanates 
Commercial diisocyanates employed in polyurethane industry are either aromatic or 
aliphatic in nature. The aliphatic class (including the cyclo-aliphatics), are less 
reactive than the aromatic isocyanates, but they have the advantage of giving light- 
stable products when exposed to ultra-violet radiation or thermo-xidative conditions. 
Both TDI and MDI are still very popular precursors, mainly due to economic reasons 
and the physical properties of their products are unsurpassed. TDI is normally used as 
a mixture of the 2,6-and 2,4-isomer in the ratio of 80: 20 or 65: 35, and is commonly 
used in the production of flexible foams. Currently, there is a trend to use MDI 
instead of TDI for safety considerations, because MDI is less volatile, and, therefore, 
less health hazardous in use. PPDI is valued for producing thermally stable 
polyurethanes. A number of aliphatics and cyclo-aliphatics are now becoming 
available in commercial quantities. HDI was the first aliphatic diisocyanate to be used 
in polyurethane synthesis, especially in the production of adhesives and flexible 
surface coatings. HMDI is a cyclo-aliphatic diisocyanate which has been used in the 
production of transparent articles. IPDl gives products with superior light stability to 
MDI and also provide excellent high temperature properties. 
2,4-Toluene diisocyanate (TDI), 2,6-toluene diisocyanate (TDI), 
4,4'-diphenylmethane diisocyanate(MDI), 1,5-naphthalene diisocyanate (NDI), 
1,6-hexamethylene diisocyanate (HDI), 
4,4'-dicyclohexylmethane diisocyanate (HINDI), 
4,6'-xylylene diisocyanate (XDI), 
3-isocyanatomethyl-3,5,5-trimethylcyclohexyI isocyanate (IPDI), 
2,2,4-(2,2,4-) trimethylhexamethylene diisocyanate (TMDI), 
para-phenylene diisocyanate (PPDI), 
cyclohexyl diisocyanate (CHDI), 3,3'-tolidene 4,4'-diisocyanate (TODI), 
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3,3'-Ditnethyl-diphenylmethane 4,4'-diisocyanate. 
CH3 CH3 
NCO 
OCN NCO 
NCO 
2,4-TDI 2,6-TDI 
OCN-&CH2-&NCO' NCO 
4,4'-MDI 
NCO 
OCN--aCHj--o-NCO 
1,5-NDI 
HMDI 
CH 
3 
OCN- 
-CH 3 
OCN(CH2)6NCO NCO 
XDI 
HDI 
H3C 
-NCO 
H3C 
OCN-0-NCO H3C CH2- NCO 
IPDI PPDI 
CH3 CH3 
II 
OCN- L; rt2- L; -CH -CH -CH27-NCO 12 -CH2 
UH3 
TMDI 
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H3C CH 3 
OCN- 
C 
-NCO 
TODI 
H3C- CC H. 3 
OCN_ CH2 -NCO 
3,3'-Dimethi-dipheny[methane 4,4'-diisocyanate 
All isocyanates are health hazardous and must be handled with great care. They are 
also lachrymators and respiratory irritants. So prolonged inhalation may lead to 
symptoms resembling asthma. Therefore, good ventilation and hygiene are required 
when working with isocyanates. The use of isocyanates in industry is controlled by 
the Health and Safety Executive in the UK. The acceptable working limits for these 
materials are a maximum allowable concentration of total isocyanate groups in the air 
is 0.02 mg per cubic metre for an 8 hours time and 0.07 mg per cubic metre for a 10 
minute. 
2.7.2 Polyols 
The polyols traditionally used in the polyurethane industry are either polyether or 
polyester oligomers that are chain-tipped with hydroxyl groups. They have, in general, 
an average molecular weight from 200 to 10,000, which depends on their application. 
Commercially, the most important polyols are the polyethers with both linear or 
branch structures and a wide range of molecular weights. The polyethers are cheaper, 
easier to handle and their resulting polyurethanes have better hydrolysis resistance 
than those based on polyesters. However, in general, polyester-based polyurethanes 
yield better mechanical properties. In order to meet different kinds of market need, a 
variety of linear and branched polyesters and polyethers for polyurethane production 
have been developed. This conception of molecular tailoring is used to improve 
polyurethane mechanical and physical properties. 
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Examples of commercially available polyether polyols are poly (ethylene oxide) 
glycol (PEG), poly (propylene oxide) glycol (PPG), poly (ethylene-co-propylene 
oxide) glycol and poly (tetramethethylene oxide) glycol (PTMEG). 
HOJCH27-CH2- 0 
ý-H 
n n 
Poly (ethylene oxide) glycol (PEG) 
HOiCH-CH2_0ý-H 
L- n 
HOJCH2CH2CH2CH2---o ýn -H 
Poly (propylene oxide) glycol (PPG) 
Poly (tetramethylene oxide) glycol 
(PTMEG) 
Polyether polyols generally exhibit improved hydrolytic stability in comparison with 
polyesters due to their less polar nature. However, poly (ethylene glycol) is seldom 
used in pure form due to its hydrophilic nature. It is usually copolymerised with poly 
(propylene glycol) to improve its properties in this respect and also to inhibit soft 
segment crystallisation (cold hardening). 
The reactivity of poly (propylene glycol) may be modified by the use of ethylene 
oxide. The end- capping of a PPG with ethylene oxide replaces the secondary terminal 
hydroxyl group with primary hydroxyl functionalities, thereby increasing their 
reactivity with electrophiles such as isocyanates. 
Examples of polyester polyols are poly (alkylene) esters, poly (caprolactone) esters 
and poly (carbonate) esters. 
HO-RJO-CO---R'--CO-O-R 
--OH 
n 
In 
Poly (alkylene) ester 
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HG+0+CH2ý7C04ý-ORO*+co +CH24- 
50 
-ým-H 
Poly (caprolactone) ester 
H-+o--ýCH21ýo-CoJ-n-O+CHh 
6 
OH 
Polyhexamethylene carbonate 
The use of co-polyester polyols, which introduce structure irregularity, can reduce the 
undesirable tendency for cold hardening to occur in the case of higher molecular 
weight polyols. 
2.7.3 Catalysts 
Catalysts are used in polyurethane synthesis to control and balance the polymer 
formation and other side reactions. Catalysts for promoting isocyanate reactions may 
be of either nucleophilic or elecrophilic types. Nucleophilic catalysts include many 
bases, such as the tertiary amines, and electrophilic types, which are represented by 
organometallic compounds. Catalysts are often used in combination to control a 
number of simultaneously cure reactions. Polyurethane polymerisations are greatly 
affected by use of catalysts. The catalysts, which are most widely used commercially 
in polyurethane processes, are tertiary amines and organotin compounds. For 
examples: diaminobicycloocane (DABCO) and stannous octoate. 
2.7.4 Chain Extenders 
Some extenders are applied in the polyurethane process to form hard domains. These 
include polyurethane hard domains and polyurea domains. Chain extender compounds 
are generally relatively low molecular weight difunctional alcohols or amines with the 
ability to link isocyanate structures. For example, ethylene glycol, diethylene glycol, 
propylene glycol, dipropylene glycol and 1,4-butane diol. 
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Ethylene glycol HO-[CH2CH2]-OH 
Diethylene glycol HO-[CH2CH2]-O-[CH2CH2]-OH 
Propylene glycol HO-[CH(CH3)-CH2]-OH 
Dipropyleneglycol HO-[CH(CH3)-CH2]-O-[CH2-(CH3)CH]-OH 
I 4-Butane diol HOJCH2 CH2 CH2 CH21-OH 
2.8 Stoichiometry 
A precise stoichiometric ratio is necessary when mixing the raw materials, which are 
generally liquid. Isocyanates are usually characterized by their NCO content in % 
terms, and sometimes by their equivalent weight. The term "functionality" also is 
used for valence. 
Equivalent weight of isocyanate = molecular weight / valence = 4200/NCO% 
Where the mole weight of NCO group x 100, 
For example, mole weight of MDI = 250 x 100 =25000 
Polyols are usually described by their hydroxyl value (OHV), sometimes also by 
011%, or, alternatively, by equivalent weight according to the following equations. 
Equivalent weight of polyol = 56100 / OHV 
Where the molecular weight of KOH x 1000 = 56100 
The stoichiometric quantities of water, acids (acid value, AV), primary and 
secondary amines are calculated most easily using equivalent weight. 
Equivalent weight of H20 ý 18/2 =9 
Equivalent weight of acid =56 100 / AV 
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Equivalent weight of primary. amine = molecular weight /2 
Equivalent weight of second. amine = molecular weight 
The formulation is calculated by the following equation. 
Ig equivalent isocyanate =Ig equivalent polyol. 
The isocyanate index is also an important parameter. It provides the percentage 
between actually used and the stoichiometrically calculated quantity of NCO: 
Isocyanate index = (actual quantity of isocyanate / calculated quantity of 
isocyanate) x 100. 
2.9 Polymer-Organoclay Nanocomposite 
4. , 04 
layered cla), 
r 0. ... 0 in onom e 
NallocollIposite 
NanocollIpositt, 
Figure 2.1 The three idealised structures of a polymer-clay composite [88] 
0 
Organoclay is just one kind of nanofillers [84-87] . Polymer organoclay composites 
have three general types (Figure 2.1): conventional composites; intercalated 
nanocomposites and delaminated (exfoliated) nanocomposites. In conventional 
composites, the clay particle is acting as a conventional filler. The clay and polymer 
matrix form a two-phase morphology. In intercalated nanocomposites, the polymer 
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chains insert into the galleries of the clay. In delaminated nanocomposites, the I nm 
thick layers of clay are dispersed in the polymer matrix forming a monolithic structure 
2.10 Layered Silicates 
Montmorillonite, hectorite and saponite are the most commonly applied as layered 
silicates to make nanoco ni po sites . Natural montmorillonite 
[89,90] includes some 
other minerals, for instance, crystobalite, zcolites, biotite, quartz, feldspar, zircon and 
other minerals that can be found in volcanic rocks. It is necessary to purify this kind 
ofc1ay before modifying it. 
2.10.1 Structure of Layered Silicate 
........ 
n 
... 
Figu re 2.2 1 deal structures for montmori I lonite [91 ] 
Figure 2.2 shows tile crystal lograph ic structure of rnontrnori I Ion ites. This is an 
idealized strUCtUrc. In the real situation, the lattice has sorne distortion 1921. 
11offmann, Endell and Wilm proposed this model structure [91]. The lattice consists 
oftwo-diniensional layers. A central octahedral sheet ofaluinina or magnesia is fused 
to two external silicate tralledra. The oxygen ions of the octahedral sheet belong to tile 
tetrahedral sheets. The layer thickness is around I rim. These layers form stacks with a 
regular Van der Waals gap in between thern. The gap is called the interlayer or tile 
gallerý - Isornorphic substitutions of Si 
41 for Al"' in the tetrahedral lattice and of A 13, 
for Mg 24 in the octahedral sheet led to an excess of negative charges within the 
monti-norillonite layers. These negative charges are balanced by sorne cations such as 
Ca 21 and Na 2+ that are in the clay galleries. Because of the high hydrophilicity ofthe 
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clay, sorne water molecules also can be absorbed on the surface of the clay galleries. 
The d-spacing, or basal spacing, (001), can be analyzed by wide angle X-ray 
diffraction. The d-spacing between the silicate-alurnina-silica unit for a Na- 
montmorillonite varies from 0.96nm for the clay in the collapsed state to 2nni when 
the clay is dispersed in a water solution [931,94]. The wide angle X-ray technology 
also gives information about two-dimensional hk diffraction bands which are 
independent of the basal spacing. They are not very useful for structure determination, 
because the band is the summation of several hk index pairs. Moreover, 
montmorillonite includes sorne impurities, it makes more difficult to analysis by the 
X-ray technology [94,95]. 
2.10.2 Microstructure of Clay 
ffE; -ak -=-- -- .01.0, i5tiý- 
pi 
Figure 2.3 'I'lic strLicturc ol'clay 1911 
When the montmorillonite is analyzed as a filler material, each layer of the clay can 
be seen as a high aspect ratio larnella about I 00-200nni in \vidth and I nrn thickness 
(Figure 2.3). Five to ten lamellae are built Lip by interlayer ions to form its primary 
particles. The "transverse" direction distance is about 8-1 Orim. rhen they aggregate to 
bigger and irregular particles. This particle diameter is about 0.1 -I Opm. 
2.10.3. Cation Exchange 
The gallery ofniontmorillonite can absorb cations and retain thern in an exchangeable 
state. In a water solution, the intercalated cations can be exchanged by other cations, 
such as Na', Ca, Mg', 11, K' and N 114'. The exchange is a balance process. When 
the clay is treated by a solution of an electrolyte, those of electrolyte (Y') exchange 
tile ions ofthe clay (X'). The equation Is as 1101lows 
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X. clay + Y+ 
-0 
> Y. clay + X' 
The cationic nature and concentration depend on the exchange direction [96]. This is a 
second order reaction. The exchange equilibrium can be moved to the right by 
increasing the concentration of the alternative cation, Y+. 
For a given type of clay, the maximum number of cations is a constant. It is named as 
the cation-exchange capacity (CEC). The unit is milliequivalents per gram (meq/g) or 
milliequivalents per I OOg (meq/100g). Cation-exchange capacity is measured at a pH 
of 7. The CEC of montmorillonite varies from 80 to 150meq/100g. The measurement 
is generally made by saturating the clay with NH4+ or Ba2+ followed by conduct 
metric titration [97,98]. In other methods, alkylammoniurn ions are used. The 
quantity of ions is evaluated by ignition of the sample [99]. 
Surface charge density can be estimated in different ways, if the CEC and the specific 
surfaces of the clay are known data. 
CEC 
(Y = 
S 
Here, S can be calculated based the structural formula and the unit cell parameters. It 
can be expressed as follows.: 
Z(interlayer cation charge) 
cy= ex: - 
2 ab 
e is the change on the electron, 1.6022xlO-19C, and a and b are the unit cell 
parameters. The formula gives an average value. In a real situation, the charge on the 
clay is not locally constant. There is some change from layer to layer. A small part of 
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the charge maybe located on the external surface by balancing cations. The majority 
of these exchangeable cations are in the gallerics ofthe clay. 
2.10.4 Compatibilising Agents 
The surface of clay has a hydrophilic character. It can be dispersed in water. The 
majority of polymers have a hydrophobic nature. In order to disperse clay in a 
polyrner as a nanofiller, it is necessary to modify the surface of the clay with a 
compatibilizing agent. This kind of molecular constituent has a hydrophilic function 
that can combine with surface of the clay and another organophilic ftinction that can 
combine with polymer. It plays a bridging role in nanocomposites. NUrnerous 
compatibilizing agents have been used in the synthesis of nanocompositions 188] 
1100]. 
Arninoacids are molecules which consist of a basic arnino group (-NFI, ) and a 
carboxyl acidic group (-COOI-1). In an acidic solution, the amino groups absorb 
protons from the COOH to form the -NH3+ group. A cation-exchange is then possible 
between the -NI-W I'Linction 1orrned and a cation (i. e. Na', K'). The arninoacid 
intercalates into the galleries of' the clay. so that it becomes organophilic. A wide 
range of' co-amino acids (I 1,, N(CII-, ),, _jCOOI 1) have been applied as compatibilizing 
agents to modify inontmorillonite clay [991. The amino acid was the First 
compatibilizing agent used in polyamidc-6-clay nanocomposites [100], because the 
acid Functions can reaction with c-caprolactarn in the galleries of the clay. This 
reaction exibliated tile clay in to the polymer matrix and a nanocomposite is 
prodLiCed 
Nil, 
Figure 2.4 The cation-excliange process 1981 
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Alkylamirioniurn ions can exchange with niontornorillonites [88]. The widely used 
alkylarru-nonium ions are based on primary alkylarnines that forms -NI43' groups. 
Their basic formula IS Cl-l3-(Cl-l, ),, -NH3' where n is between I and 18. The molecular 
chain length has an affect on the nanocomposite structure, such as yielding all 
intercalated nanocomposite or a delarninated nanocornposite. The longer chains lead 
to formation of the delaminated types. The short chain lead easily to intercalated 
nanoco rn po sites. Alkylarnmoniurn ions with secondary airlines have also been applied 
as compatibilizing agents. 
There are other compatibilizing agents used in the synthesis of polymer 
nanocomposites. But, in the synthesis of polyurethane/nanocomposites. the 
alkylamnionium ions are widely used to modify the montmorillonites. 
2.11 Synthesis of Polymer-Clay Nanocomposite 
There are several methods to prepare polyrner-layered silicate nanocornposites. For 
example, in-SitLI polymerization [1001 and solution [101] and melt intercalation 1102] 
2.11.1 Solution 
First, the organoclay is mixed with a solvent. Some solvent molecules critcr the 
galleries of the clay. Second, the polymer SOILItiOn is added to the organoclay solution. 
Polymer molecules intercalate between the clay layers. Third, the solvent is removed 
by evaporation, Usually under vaCLILIIII. The intercalation process is as shown in Figure 
2.6. 
Fhe I'lowchart is follows. 
Nanoconlpoýjt) 
((", 
anwhqp 
Figure 2.5 Flowchart ofthe di Ilercm steps in tile solution approach I 10 11 
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Figure 2.6 Intercalation of the polymer by the solution strategy [10 11 
This technology has been widely used in nanocomposites based on high-density 
polyethylene [101], polymides [103] and liquid crystal polymers [104]. This method 
also was used to prepare some nanoco in po sites based on water-soluble polymers by 
sodium layered silicate 1] 05-113], including poly(vinly alcohol), poly(ethylene oxide) 
and poly(vinlypyrrolidone). Emulsion polymerisation has been studied to prepare 
polymer-nanocomposites by this method. including poly(methyl methacrylate) [114], 
and epoxy resins 11151. This strategy can be used to prepare intercalated 
iianocomposites based on polymers with low, or even very low polarity. I lowever it is 
somewhat difficult to apply in industry. The cost of removing the solvent is high. 
2.11.2. in situ Polymerisation 
Figure 2.7 Flowchart ofthe difilerent stcps ofthe in-situ polynicrisation approach 
This route is described in Figure 2.7. First, the organoclay is swollen by tile monomer. 
The nionomer molecules intercalate into the clay galleries. This needs a certain period 
oftime. It depends on the polarity oftlic monomer, the surface of the organoclay and 
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the intercalation temperature. Then, the polyrnerisation is conducted. For a thermoset 
polymer, a curing agent or peroxide is added to the system. For thermoplastic 
polymers, polymerisation can be initiated by a curing agent or by increasing 
temperature. 
In this strategy, it is very important to control the polyrnerisation. The ratio of intra- 
gallery polymerisation and extra-gallery polyrnerisation depends oil the character of 
polymer nanocomposite [89]. The process is described in Figure 2.8. 
4b II14 
+ it -0.0 'r 
I fl 
fit 
Figure 2.8 1 n-situ polymerisation [100] 
This technology has been widely used to prepare some polymer nanocomposite. such 
as poly(r-caprolactone) [100,1161, Poly(styrene) [1171, poly(ethylene 
tereplitalate)[ 118], epoxy 1119 1. high density polyethylene I 10 1 ], and polyurethane 
11201. 
2.11.3 Melt Intercalation 
This process is described in Figure 2.9. Melt intercalation was first published by Vaia 
et al. 1] 211. It was used I'Or thermoplastic polymers. First, the polymer is blended with 
the organoclay. Then the mixture is annealed at a temperature above tile glass 
transition temperature ofthe polymer to 1orrn the nanocompositc. 
Hils method has applied to polyarnide 6 [1221, polypropylene [102], ethylclie-vinyl 
acetate copolymers [1231, poly(styrene-b-bLItadiene) copolymer [1241 and 
poly(ethylene oxide)[ 125 1. 
34 
Chapter 2: Literature Review 
The process of melt intercalation is follows. 
Nil 
Nil 
01, : 71ilt 
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Figure 2.10 Process ofinelt intercalation [ 102] 
2.12 Morphology of Polyurethanes 
A large number of' studics have been conducted on polyurethanes. The ma. lority of' 
morphological data flor these systems are based on X-ray scattering [1261, optical 
microscopy 1127], electron microscopy 1128], infrared spectroscopy [129], nuclear 
magnetic resonance 11101. differential scanning calorirnetriy [1311, dynamic 
mechanical analysis IF321 and strcss-strainmeasurements [133]. 
Systematic studies of an MIA I)OIyUrethane with polycaprolactone soft segments over 
a wide range ofsoft segment molecular weight and hard segment concentration have 
been carried out [134-139]. Cooper and Tobolsky compared tile viscoelastic 
properities of some MDI-based polyester urethanes with the properties of other 
polymers 11281. Koutsky and others reported some observations on the domain 
structure of thin films of segmented polyether and polyester urethane elastomers, as 
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seen by transmission electron microscopy[ 140]. Dynamic mechanical investigations 
by Huh and Copper [ 14 1] also demonstrated the existence of a two-phase structure in 
MDI-based polyurethanes and examined the effects of composition and soft segment 
molecular weight upon the relaxation mechanism of this class of copolymer [141]. 
This group also studied the hydrogen bonding effects in segmented polyether / 
polyester urethane elasotmers and its relation to sample thermal history by IR 
spectroscopy and DSC [131,142] [143] . Bonart and 
his co-workers have studied the 
MDI-based polyurethane since the late 1960's using X-ray investigations. They found 
that physical crosslinking affected by secondary valences is associated with a 
segregation of the hard segments [129]. MDI-based polyurethanes were also studied 
by many other researchers. Clough and Schneider [126,144] studied structural 
organization and transitions in polyether and polyester urethane elastomers. By 
scanning thermal analysis and x-ray techniques, they concluded that separation into a 
domain structure occurred in both types of elastomers. They also ascribed a transition 
at about 1500C to a disordered domain structure, which is higher than the pure MDI- 
hard segment glass transition temperature, about 109'C, found by MacKnight, Yang 
and Kajiyama [145]. An examination of low temperature dynamic mechanical 
properties of MDI polyurethanes with various soft segments was reported by Illinger, 
Schbeider, and Karasz [132]. They found that as the urethane concentration increased, 
soft segment Tg remained constant, but crystallization of the soft segment was 
inhibited. Ferguson and co-workers [146] have examined MDI polyester 
polyurethanes as a function of hard segment content. Schollenber and Dinbergs [147] 
prepared a series of seven linear thermoplastic polyester urethane elastomers of the 
same composition under random solution polymerisation conditions, obtaining a 
number average molecular weight range of 23,000-50,000. Schneider and others [127, 
148] studied the domain structure by electron microscopy, x-ray diffraction and 
birefringence measurements. The results revealed poorly organised spherulites on the 
domain structure with an open fibrous texture, in which the strands appeared to be 
built up from micro-fibrils. Chang and Thomas [149] also investigated the crystalline 
morphology of a series of polyurethanes by x-ray and electron diffraction. Wilkes and 
Yusek [133] showed that the hard segment domains undergo continuous restructuring 
under stress, leading to highly oriented samples with extremely high tensile strength. 
Wilkes and co-workers [150,151] considered the time dependence of the thermal and 
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mechanical properties of MDI urethane elastomers. Miller and Saunders [152,153] 
investigated the influence of isocyanate structure on the molecular inter-actions in 
segmented polyurethane by DSC and TMA and found that MDI polyurethane gave 
better phase separation than TDI based polyurethane elastomers. Sung and co-workers 
have completed an extensive study of TDI polyurethanes [154-156]. A systematic 
dynamic mechanical study reported by Senich and Mcknight[157] was undertaken to 
gain additional insight into the molecular relaxation processes occurring in TDI 
polyurethanes. Lagasse [158] also studied TDI urethane elastomers by introducing 
chemical crosslinks into the soft domains. He observed domain structure similar to 
that seen in uncrosslinked thermoplastic urethane elastomers. Harerel [159] prepared 
a systematic series of unique urethane elastomers with monodisperse hard segment 
size without hydrogen bonding in the domain structure. Wilkes, Samuels and Crystal 
[160-162] and Cooper and co-worker [1631 had extensively characterized the 
morphology of these specially prepared polymers and found a domain structure as 
well as a spherulitic super-structure on a scale much larger than that of the domains. 
Cooper and Tobolsky [164] introduced primary covalent crosslinks into linear, 
segmented polyurethane elastomers and observed their modulus - temperature 
behaviour. Kajiyama and Macknight [165] studied the low temperature relaxation in 
three series of glassy polyurethanes. Several overlapping relaxation peaks were 
discernible. Hu and Merrill [166] studied the influence of casting solvent and casting 
substrate on the chemical composition and the structure of the surfaces of segmented 
polyurethanes. Wilkes and co-workers [150], William and Wildnauer [130] and 
Assink [167] studied the time-dependent thermal mechanical behaviour of 
polyurethane elastomers following thermal treatment by DSC, X-ray scattering, 
stress-strain measurements and NMR spectroscopy. 
2.13 Morphology of Polyurethane-Organoclay Nanocomposites 
Wan and Pinnavaia [82] investigated the intercalating process of polyurethane by 
wide angle x -ray studies. Their approach to forming polyurethanes focused on the 
solvation of the organoclay by the polyols. It is easy to solvate montmorillonites 
exchanged with long-chain onium ions (carbon number > 12) into several polyols that 
are commonly used in the polyuethane industry. They found that the extent of gallery 
expansion is mainly determined by the chain length of gallery onium. ions and is 
independent of the functionality or molecular weight of the polyols and the charge 
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density of the clay. At a loading of only I Owt% organoclay, the strength, modulus, 
and strain at break are all increased by more than 100%. The enhancement in strength 
and modulus is directly attributable to the reinforcement provided by the dispersed 
silicate nanolayers. The improved elasticity may be attributed, in part, to the 
plasticizing effect of gallery onium. ions, which contribute to dangling chain formation 
in the matrix, as well as to conformational effects on the polymer at the clay - matrix 
interface. Zilg [83] has studied morphology development in polyurethane 
nanocomposites by means of transmission electron microscopy of thin sections which 
were cut at temperatures of -11 O'C. During dispersion, the fairly large isotropic mica 
particles of average diameter around 5000nm are broken down into much smaller 
anisotropic nanoparticles resembling short-fibre reinforcement of 500nm length and 
20-50nin diameter (aspect ratio 10-20) which corresponds to intercalated structures 
where inorganic alumino-silicate layers are laminated with the polyurethane matrix. 
In the case of polyurethane nanocomposites, much better dispersion is evidenced by 
the presence of individual nanoparticles containing a large number of alumino-silicate 
layers laminated with polyurethane. 
2.14 Conclusions 
Polyurethane-organoclay nanocomposites have been developed over the past 6 years. 
It is highly possible to use the technology in the polyurethane industry in the near 
future. 
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3.1 Introduction 
Chapter 3 
Experimental 
In order to understand the organoclay effect on the morphology and properties of 
polyurethanes [1], a series of experiments were designed and conducted as follows. 
3.2 Raw Materials 
3.2.1 Isocyanates 
In this research, two types of isocyanate were used for the preparation of the 
polyurethane samples. One is HMDI, the other is prepolymer MDI. The details are as 
follows. 
4,4ý-methylenebis (cyclohexyl isocyanate) 
Commercial name: HMDI or hydrogenated MDI 
Molecular formula: OCN-C6HO-CH2-C6HIo-NCO 
Molecular weight: 
Equivalent weight: 
Appearance: 
Density (at 20'C) 
Flash point 
262 
262/2=131 
colourless liquid 
1.066 g/CM3 
>1100C 
Table 3.1 Reactivity of HMDI relative to IDI, MDI. HDI and lPDI [2] 
Relative rate constant K, K2 
TDI Toluene diisocyanate 400 33 
MDI 4,4'-Diphenylmethane 
diisocyanate 
320 110 
HDI 2,6-Hexamethylene diisocyanate 1 0.50 
HMDI 4,4'-Dicyclohexylmethane 
diisocyanate 
0.57 0.40 
IPDI 3-Isocyanatomethyl-3,5,5- 
trimethylcyclohexyl isocyanate 
0.62 0.23 
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The relative reactivities of two isocyanate groups of HMDI are essentially equal. This 
is in contrast to other isocyanates such as IPDI. Although the first isocyanate group of 
IPDI reacts more rapidly than those of HMDI the second group reacts more slowly. 
Overall, IPDI may not react any faster than HMDI [2]. 
In order to shorten the reaction time or reduce the reaction temperature, catalysts are 
always used. Organic tin compounds are generally very effective catalysts. 
The particular prepolymer used in the research was the addition product of modified 
MDI, to the prepolymer intermediate. The dihydric glycol must be linear and reacted 
with the MDI [1], which was commercially produced by Hyperlast Ltd (UK). It has 
the following properties. 
Appearance Colourless liquid at 250C 
NCO content (%) 23% 
Viscosity 120-180 mPas at 25'C 
Specific gravity 1.21-1.23 at 250C 
The MDI is much more environment's friendly, and has lower toxicity than toluene 
diisocyanate (TDI) and many other diisocyanates. 
OCN-&CH2---&NCO + HO-R-OH 
OCN-&CH27--o-NHCOROCNH-&CH2-0--NCO 
3.2.2 Polyols. 
A polyol is an organic compound having more than one hydroxyl (-OH) group per 
molecule [2]. In the polyurethane industry, the term includes polymeric compounds 
containing alcoholic hydroxyl groups such as polyethers, and polyesters, used as 
reactants in polyurethane synthesis. In this experiment, a polyether polyol was chosen 
as soft segment. Details are as follows. It was supplied by Elastogran (UK). 
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Polypropylene glycol (caped by EO) 
Commercial name: Lupranol 2090 
Appearance: 
Moleculer weight: 
OHV: 
Viscosity (at 25*C): 
Functionality: 
Structure: 
3.2.3 Chain Extender 
Colourless liquid 
6000 
28 mgKOI-Ug 
1125mPa. s 
3 
9H2-[O-CH2-CH(CH3)1,,, -CH2CH2-OH 
CH-[O-CH2-CH(CH3)]n-CH2CH2-OH 
I 
CH2-[O-CH2-CH(CH3)11-CH2-CH2-OH 
Some low molecular weight reactants are named as chain extenders in the 
polyurethane industry [1]. 1,4-Butanediol is a very important chain extender. The 1,4- 
butanediol was supplied by the Aldrich company. The details are as follows. 
Trade name: 1,4-Butanediol 
Appearance: Colourless liquid 
tructure: HO-(CH2)4-OH 
Molecular weight: 90 
Equivalent weight: 90/2 = 45 
Melting point: 161C 
Flash point: 230T 
Density: 1.0 17 g/CM3 
3.2.4 Catalysts 
A catalyst is a substance that causes, or accelerates, a chemical reaction when added 
to the reactants in a minor amount, and is not consumed in the reaction[l]. There are 
two catalysts used in these formulations. One is DABCO-33LV supplied by Air 
Products and Chemicals, Inc. DABCO-33LV is a mixture of triethylenediamine and 
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di(propylene glycol). The other is stannous- 2-ethylhexanoate supplied by the Sigma 
Chemical Company. 
3.2.5 Organoclays 
There are several kinds of clays used in the experiments: PGW, Cloisite 15A, and 
Cloisite 20A. 
PGW was produced by the Nanocor Company (USA). It is a natural montmorillonite 
modified with a sodium salt. The details are as follows. 
Commercial name: PGV 
Specific gravity: 2.6 
Moisture content: 18 wt. % 
Mineral purity: > 97% 
Colour: white 
CEC(meq/100)±10%: 145 
spect ratio: 150-200 
Cloisite 15A is a natural montmorillonite modified with a quaternary ammonium salt. 
The details are as follows. 
Commercial name: Cloisite 15A 
Organic modifier: Dimethyl dihydrogenatedtallow quaternary 
ammonium chloride 
Modifier concentration: 125meq/100g 
Moisture: <2 wt. % 
Density: 1.66g/cc 
Colour: Off white 
X-ray data: dooi=31.5A 
Cloisite 20A is a natural montmorillonite modified with a quaternary ammonium salt, 
whose details are as follows. 
Commercial name: Cloisite 20A 
Organic modifier: Dimethyl, dihydrogenatedtallow, quaternary 
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ammonium dhloride 
Modifier con centration: 95meq/100g 
Moisture: <2 wt. % 
Density: 1.77g/cm3 
Colour: Off white 
X-ray data: dool=24.2A 
3.2.6 Release agent 
A silicone-based aerosol release agent (Cilrelease 171 1E) is product of CIL 
Compounding Ingredients Limited (UK). It was used throughout the investigation. 
The release agent is a highly flammable liquefied petroleum gas containing 5.5% of 
an active silicone ingredient. It must be applied in a well ventilated area. 
3.3 Characterization of the raw materials 
The ratio of diisocyanate to polyol is very important in polyurethane formulation. 
There are some standard analysis methods for characterization. In the experiments, 
the data were used according to the supplied company data sheet. 
3.3.1 Measurement of NCO content 
The isocyanate content can be determined by the dibutylamine back-titration method 
[1,3]. This method is used to measure the NCO content in any isocyanate or 
prepolymer, if free isocyanate is available. Primary and secondary amines will react 
with isocyanate groups, resulting in the corresponding urea. The HMDI is found to be 
within the limits of the theoretical values, and prepolymer MDI was in good 
accordance with the number provided by the Hyperlast Company. 
RNCO + R'NH2 0-1 RNHCONHR' 
This reaction took place quantitatively in the presence of an excess of the amine. On 
completion of the reaction, the excess arnine was determined by back titration with 
hydrochloric acid. A 1% alcoholic solution of bromophenol blue was used to indicate 
the end point of the titration -blue color disappearance and the appearance of a yellow 
have which lasted for at least 15 seconds. The NCO content was calculated using the 
following equation. 
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I/oNCO = 
42N(V2-VI)xIOO 4.2N(V2-VI) 
looow w 
N is the molarity of FICI ,W is the sample weight 
in grams, V, is the volume (in ml) 
of HCI solution required for titration of the sample and V2 (in ml) of HCI solution 
required for 25ml of dibutylamine solution (blank). The molecular weight of the NCO 
group is 42. 
3.3.2 Measurement of the hydroxyl value 
The procedures of this analysis are available in many analytical reference books [3, 
4]. A small sample of the polyol is reacted for one hour at 115'C with an excess of 
phthalic anhydride using pyridine as solvent. Back-titration of the excess reagent, 
using KOH and phenolphthalein as indicator allows the determination of the OH 
value. 
56. IN(ml blank-ml sample) 
OH value = 
Sample weight 
N is the normality of the KOH solution. Three samples were run and the average 
compared to the blank. The hydroxyl numbers of the polyol 2090 used in this study 
were in good accord with the value provided by Elastogran (UK). Tbus, the quoted 
OHV was used in the calculated. 
3.3.3 Thermogravimetric analysis (TGA) 
Thermogravimetric analysis is a technology in which a known mass of sample is 
continuously weighed as it is exposed to heat. The resulting weight changes are 
recorded as a function of temperature (or time) in a controlled atmosphere. The 
thermograrn so obtained gives information concerning the thermal stability and 
characteristics of the sample. For accurate and useful information, the individual 
decomposition weight loss must be well resolved. It has been known that the most 
effective method of enhancing resolution in TGA is slowing the heating rate, which 
leads a longer experimental time. A relatively new technique, high-resolution 
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thermogravimetric analysis (Hi-Res TGA), has been introduced, which provides 
increased resolution without increase in the experimental time required. 
TGA, TGA2950 was used to trace the thennal degradation of organclays and clay. 
Samples of 8-12mg were suspended from the balance by a long platinum wire in a 
furnace that can be heated at a given rate of I OOC/min. The samples were examined in 
a nitrogen atmosphere from room temperature to 800'C. The resolution was 4. 
From the Figure 3.1, thermal decomposition of the organoclay can be conveniently 
considered in four regions [5]. Briefly, evolution of absorbed water and gaseous 
species occurs below 180'C (region 1). Organic substances evolve from 200 to 5000 C 
(region 2) and evolution of products associated with residual, dehydroxylation of the 
aluminosilicate occurs from 500 to 7000C (region 3) and evolution of products 
associated with residual organic carbonaceous residue occurs over 700'C. The curve 
of Na+-clay proves that dehydroxylation of the crystal lattice occurs from 500 to 
7000C. 
100- 
go- 
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) 
C3,0 C", 
"Mc. 
50 
111 --1 
1; 0 2; 0 30'0 40 SDO 600 700 800 900 
Temperature (OC) 
Figure 3.1 Weight loss vs. temperature data for different kinds of clay 
From the Figure 3.1., thermal decomposition of the organclay can be conveniently 
considered in four regions [5]. Briefly, evolution of absorbed water and gaseous 
species occurs below 1800C (region 1). Organic substances evolve from 200 to 500'C 
(region 2) and evolution of products associated with residual, dehydroxylation of the 
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aluminosilicate occurs from 500 to 7000C (region 3) and evolution of products 
associated with residual organic carbonaceous residue occurs over 7000C. The curve 
of Naý-clay proves that dehydroxylation of the crystal lattice occurs from 500 to 
7000C. 
3.4 Preparation of Polyurethane Organoday Nanocomposites 
Polyol dispersions 'containing 0,1,3,4,5,7 wtI/o of the clay was prepared by 
dispersing the corresponding amount of clay in the polyether polyol. The 
compositions of the nanocomPosites are listed in Tables 3.2. The mixture of polyether 
polyol and the organoclay was, first, blended at 601C and stirred for different mixing 
times. 100g of the mixture with polyether polyol was blended with 2.25g of 1,4- 
butandiol, 0.75g of Dabco-33LV, 0.75g of stannous 2-ethyl hexanoate and 15.5g of 4, 
4'-methylene bis(cyclohexyl isocyanate) at room temperature and stirred for 5 
minutes. Then the mixture was poured into an O-ring mould and cured at 80'C for 
24h. 
The samples are named by their chemical content 
C20-HMDI-Cl%-l 10-HI 8% 
Hard segment content 
Isocyanate index 
Clay content 
Isocyanate type 
Clay type 
For example: Table 3.2 gives some samples. 
Table 3.2 List of samples 
Sample Organoclay C20 (Wt. %) Isocyanate index 
C20-HMDI-C5%-105-HI4% 5 105 
C20-HMDI-C5%-l I O-H 14% 5 110 
C20-HMDI-CS%- I 15-H14% 5 115 
C20-HMDI-C5%-120-Hl4% 5 120 
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C20-HMDI-C5%-1-')O-H 14% 5 130 
C20-HMDI-CO%- II O-H 14% 0 110 
C20-HMDI-C I%- 110-1114% 1 110 
C20-HMDI-C3%-l I 0-H 14% 3 110 
C20-HMDI-C5%-l 104114% 5 110 
C20-HMDI-C7%-] 10-H14% 7 110 
3.5 Characterization of Polyurethane Organoclay Nanocomposite 
3.5.1 Wide angle X-ray diffraction (WAXD) 
X-ray diffraction depends on to spacings between tile scattering bodies and 
wavelength of the incident radiation. The Bragg equation relates to the spacing 
between the crystal planes, Bragg's law indicates that diffraction is only observed 
when a set of planes make a very specific angle with the incorning x-ray bearn. This 
angle depends on the inter-plane spacing, d, which itself depends on the size of the 
molecules which make Lip the structure. Bragg reflections show Lip as spots in a single 
crystal diffraction experiment. The Bragg equation give rise to a maximum at a 
particular diffraction angle, 0. Positions of diffraction spots and Bragg's law give tile 
size of the unit cell ofthe crystal being studied. Tile intensity maxima give the atornic 
positions within the crystal lattice. 
Figure 3.2 The principle ot'WAXI) 16] 
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Wide angle X-ray diffraction is a most straightforward method which is a good way to 
evaluate the spacing between the clay layers. From the experin-lents, the diffraction 
angle 20 was obtained. According to Bragg's law, the gallery distance of the clay can 
be calculated. 
n). =2-dsinO ( Equation 3.1 ) 
X-ray diffraction experiments were performed on sheet or powder samples Using a 
Bruker X-ray diffractormeter (AXS D8 Advance) using Cu Ku (k=0.154nrn) 
radiation. The organoclay powders were mounted on a sample holder with a large 
cavity and smooth surface was obtained by pressing the powders with a glass plate. 
The POIyUrethane nanocomposite sheets produced during a moulding process, had a 
fairly smooth surface. Therefore, disc shaped specimens (50mm in diameter, 2 mill 
thick) were cut from these sheet and were directly analyzed by WAXD. The samples 
were scanned at a rate 0.24'/min from ca. I' to 25' in 20 16]. WAXD experiments 
under stain were undertaken using the same equipment, but with a purpose-built 
clamp system which allowed for manual strain of the polyurethane nanoco in po site 
samples. 
3.5.2 FTIR spectroscopy 
Figure 3.3 Principle of IR spectroscopy [71 
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FTIR spectroscopy has been widely employed as convenient method to investigate 
polymers [7]. A 3000 FITR spectrometer, with a resolution of 4cm-1, was used in the 
transmission mode to monitor the kinetics of formation of the polyurethane 
organoclay nanocomposites. An ATR mode was also used for structure analysis. 
IR spectroscopy is an effective method to study chemical reactions [7]. Some classical 
theory can be used to describe IR spectra, which consider the atoms as point masses 
and the chemical bonds as weightless springs. The oscillating electric field of the 
radiation interacts with the oscillating molecule dipole to transfer energy when the 
frequency of the radiation matches the resonant frequencies of the assembly of balls 
and springs. For a diatomic molecule treated as a harmonic oscillator, the resonant 
frequency is as follows. 
v= 1/27c. (k/u)1/2 (Equation 3.2) 
k is the force constant, u is the reduced mass and v is the frequency. The energy 
involved in an IR transition is insufficient to break most chemical bonds. IR analysis 
forms the basis of the quantitative description of IR band frequencies. It is often 
possible to make qualitative assignments of observed IR spectra. 
The energy loss that is observed at a given frequency can be taken as a measure of the 
reduction in concentration of the absorbing substance. Quantification of this is based 
on the Lambert-Beer law [7]. 
Aoc e. c (Equation 3.3) 
A is the measured integrated absorbency, F, is the molar absorption of the sample 
(cm2mole") and c is the concentration of the sample (Mol Cm3) . The areas under the 
absorbance peaks were determined using IR software [8]. 
In the polyurethane formation reaction, the main groups involved in are -NCO and - 
OH, Some key IR group frequencies are shown in Table 3.3. When -NCO groups 
react with -OH groups fonning polyurethanes, the peak decreases as the reaction 
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proceeds. Therefore, by analysing the NCO peak change, the reaction kinetics can be 
monitored by FTIR in the absorbance mode (20 scans). Moreover, the surface 
properties of the polyurethane nanocomposite can be studied by the ATR mode (200 
scans) 
Table 3.3 IR group frequencies of polyurethane [10] 
Average band frequency 
(cm-) 
Assignment Comment 
3500 OH stretching Broad 
3450-3250 NH stretching Free bond, weak 
3450-3390 NH stretching Hydrogen bond, strong 
3030 CH stretching CH in benzene ring 
2950-2890 CH stretching Aliphatic CH, Very strong 
2272 NCO stretching Very strong , sharp 
2127 N=C=N stretching Very strong, sharp 
1760-1730 
1735-1705 
C=O stretching 
C=O stretching 
Free (C=O), strong 
H-bond (C=O), strong 
1600 C=C stretching Benzene ring 
1500-1600 NH bending, C-N stretching 
1450 CH2 bending weak 
1110 C-0-C stretching strong 
1000 C-C stretching weak 
900-700 CH bending in benzene ring weak 
3.5.3 Modulated differential scanning caIorimetry (MDSQ 
The general principles of MDSC can be compared to that of conventional DSC. In a 
conventional DSC, the difference in heat flow between a sample and a reference 
material is evaluated as a function of time, when both the sample and reference are 
controlled by a programmed temperature profile. In this case, the temperature profile 
is linear. Thus, the programmed sample temperature can be given by, 
T(t) = To +, 6t (Equation 3.4) 
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Where T, ,8, and i are the 
initial temperature, a constant heating (or cooling) rate 
and time, respectively. 
Silver ring Thermoelectric /d 
Gas urge inlet stantan) 
Lid 
Reference 
c6 rrple pan Dynami chamber/ 
SaMPI 
pan 
Thermocouple Chromel disc junction 
Alumel 
wire Heating 
block 
Chromel 
wire 
Figure 3.4 Principle of DSC operation 
In the case of MDSC. a sinusoidal temperature modulation is superposed on a 
constant heating rate to obtain a temperature programmer in which the average 
temperature of the sample changes in a sinusoidal manner as follows. 
T(t )=T, + fit +A, sin am (Fquation 3.5) 
Where A, is the amplitude of the temperature modulation, (t) is the modUlation. 
freqUency and p= IT / (o , where /) 
is the modulation period. The temperature 
profile is controlled by tile following experimental parameters. 
(1) Constant heating rate, 8 
(2) 'remperature modulation aniplitLide, A, 
(3) Modulation period, /) 
It should be noted that a cooling process occurs during a portion of tile temperature 
modulation even though the constant heating rate is investigated. 
The total heat flow in a MDSC experiment is given by 
dQ 
= C, p+ f(T, 1) (Equation 3.6) 
(it 
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Q is the total heat, CP is sample heat capacity and f(T, t) is the heat flow from 
kinetic processes which are temperature and time dependent. The heat capacity 
component of the total heat flowCpfl, is generally referred to as the reversing heat 
flow and the kinetic component, f(T, t), is referred to as the non-reversing heat flow. 
Generally, the sample heat capacity is determined in conventional DSC from the 
difference in heat flow between the sample and an empty sample pan, using sapphire 
as a calibration reference material. In MDSC, the heating rate changes during the 
modulation cycle, so that dividing the difference in modulated heat flow by the 
difference in the modulated heating rate is equivalent to the conventional DSC two 
heating rate method. The heat capacity in MDSC can be given as follows. 
(Equation 3.7) Cp = K[ýý'-" [2] 
T,, 
ý, p 
2 7r 
K is the heat capacity calibration parameter, Q,,,,, p 
is the heat flow amplitude and 
,,,,, p 
is the temperature amplitude, respectively. For this equation, the heat capacity T 
can be measured in MDSC. 
The total heat flow is calculated as the average of the modulated heat flow and the 
reversing component of the total heat flow signal is equal to Cpfi. Therefore, the non- 
reversing component of the total heat flow, f(T, t), can be given as follows. 
Non-reversing heat flow = total heat flow -revering heat flow (Equation 3.8) 
In general, the non-reversing signal can be used to reveal the presence of irreversible 
(kinetic) processes such as chemical reactions (oxidation and curing) and non- 
equilibrium phase transitions (cold crystallization, relaxation/reorganization). 
As described in this section, the advantage of MDSC compared it to conventional 
DSC can be summarized as follows. 
(1) The heat capacity of sample, Cp, can be readily obtained. 
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(2) MDSC can distinguish reversing heat flow and non-revering heat flow events. 
(3) MDSC has a good sensitivity to measure a small thermal event. 
A DSC2090 modulated DSC made by TA Instruments was used. MDSC scans were 
conducted form -100 to 250'C, A heating rate 3'C/min was used. Each sample was 
weighed to be in the range of 5-10mg. Aluminum crucibles were used and nitrogen 
was applied as a purge gas at a rate of 60ml/min. The oscillation amplitude and period 
were VC and 60s, respectively. The reaction kinetics also was studied by MDSC [11], 
including non-isothermal and isothermal method. 
3.5.4. Small -angle X-ray Scattering (SAXS) 
The principle of SAXS can be explained as follows. If the sample has electron density 
in homogeneities with colloidal size (1-100mn)[12] and the incident beam, S,,, is 
applied to the sample, the corresponding scattered beam, S, can be observed as shown 
in Figure 3.5. In this case, the scattering angle to the incident beam is given as 
follows. 
The principle of SAXS can explain as follows. If the sample has electron density in 
homogeneities with colloidal size (1-100mn) [12] and the incident beam, so, is 
applied to the sample, the corresponding scattered beam, S, can be observed as shown 
in Figure 3.5. In this case, the scattering angle to the incident beam is given as follow. 
2n 
q= T(ý-ýO) 
q=121=L'sinO 26 
er- 
20 
so 
Figure 3.5 The principle of SAXS 
The general scattering formula is given by the following equation [ 121. 
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I(q) = FF* + fff fffdVdV2p(rl)p(r2)exp[-iq(r, -r2)] (Equation 3.9) 
V, V2 
dV, and dV2 represent a voluine at position r, and r2 , respectively. p, and A are 
defined as the number of electron per unit volume at position r, and r2respectively. 
(r, - r2) means the relative distance for every pair of points. To calculate, the 
following auto-correlation function is defined by 
fffdVp(r, )P(r2) (Equation 3.10) 
V, 
Where r= (r, - r2) . Thus, the density of these points, which have the relative 
distance 
r, can be given by ; ý'(r). Furthermore, using the auto-correlation function, one can 
carry out the second integration. 
I(q) = fffdjlp- 2 (r) exp(-iqr) (Equation 3.11) 
v 
This is a Fourier transform. Therefore, the intensity distribution in q is determined by 
the structure of the object, as expressed by ý; 
2 (r) 
. 
Two restrictions in small angle scattering can be introduced to simplify the above 
equation. 
(1) The system is statistically isotropic. It makes no difference if this is a property 
of the system as a result of time-averaging due to the random motion of the 
particles. 
(2) There exists no long-range order. This means that there is no correlation 
between two points separated widely enough. 
From the above restriction (1), the complex exponential in equation can be replaced 
by the fundamental formula of Debye [ 12]. 
(exp(-iqr)) = 
sin qr 
qr 
(Equation 3.12) 
I(q) = 
f4; 
Zr2 dr; 5 2 (r) sin qr 
qr 
(Equation 3.13) 
61 
Chapter 3., -Experimental 
According to restriction (2), at large distance the electron densities become 
independent, and can be replaced with a mean value (p) . The auto-correlation 
fimction must also tend toward a constant value 
V(P) 
2. 
For the mean value (p), the 
following function can be applied [12]. 
(, 
0)2 = Vy(r) (Equation 3.14) 
The correlation function allows one to transform the scattering data back into a real 
space distribution. The scattered intensity is then 
00 
I(q) =V 
f47ir 2 dr; v(r) sin(qr) / qr (Equation 3.15) 
0 
This is the most general formula for the diffraction of a system obeying the above 
restrictions (1) and (2). ; v(r) is found by the inverse Fourier transform correlation 
function. 
co 
Vy(r) =2 
fq 2 dqI(q) sin(qr) I(qr) (Equation 3.16) 
0 
For practical measurements, proper data treatment is very important. In the case of 
SAXS, the following data treatment should be considered. 
(1) Raw data correction 
(2) Background subtraction 
(3) Desmearing 
Spatially averaged morphological characteristics of the polyurethane nanocomposites 
were investigated by SAXS, performed using a Kratky Compact Small Angle System 
at Changchun Institute of Applied Chemistry using a stationary-anode copper target 
X-ray tube (wavelength 0.1542mn) at room temperature. The fine-focus X-ray 
generator was operated at 45kV and 40mA. The measured intensity was desmeared 
and corrected for background scattering and photoelectric absorption in the sample. 
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3.5.5 Scanning electron microscopy (SEM) 
When an electron beam hits the sample. the interaction of the beam electrons from tile 
filament and the sample atoms generates a variety of signals. Depending on the 
sample. these can include secondary electrons (electrons from the sample itself), 
back-scattered electrons (beam electrons from the filament that bounce off nuclei of 
atoms in the sample), X-rays, light. heat. and even transmitted electrons (beam 
electrons that pass through the sample). Unlikc the light microscope, in which light t- 
forms an instant "real image" of the specimen. the electrons in an SEM do not form a 
real image. Instead, the SEM scans its electron beam line by line over the sample. It is 
much like using a flashlight in a dark room to scan the room from side to side. 
Gradually the image is built on a TV monitor (cathode ray tube or CRT for short). 
Microscopic examination of fracture surfaces of materials can generally provide 
valuable information regarding the material behaviour near crack tips, especially in 
filled polyrners. This technique is extensively used to examine the topographic 
feature of specimen surfaces. The scanning electron microscope is a device which 
forms images of microscopic surface regions at magnifications normally range ofx20 
to x 100,000 with the optimum useful magnification being x 20,000 to x 50,000 
depending on the type of specimen and the construction ofthe instrument. 
Normally, it includes three parts, 1) an electron gun and a means of focusing a beam 
of electron on the specimen, 2) a system of electron magnetic lenses used to 
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demagnify the electron beam diameter to 5-1 Onm across the specimen, and 3) a means 
of detecting the response from the specimen and a display system [13]. 
For polyurethane nanocomposites, the SEM micrographs were taken using a Leica 
Cambridge Stereoscan S360 instrument. Samples were prepared from the fracture 
surfaces of the polyurethane nanocomposites. The room temperature fracture surfaces 
( the specimens were obtained from those after tensile tests) were investigated. These 
surface were sputtered with gold to provide an electrically conductive layer, to 
suppress surface charge, to minimize radiation dameage and to increase electron 
emission. The coating is intended to be a thin in-situ replica of the specimen surface. 
The thickness and the texture of the coating have to be minimized for fine surface 
textures and higher resolutions. 
3.5.6 Transmission Electron Microscope (TEM) 
The TEM is an electron-optical microscope that uses electromagnetic lenses to focus 
and direct an electron beam. Data are collected from the beam after it passes through 
the sample. The reason for using an electron beam instead of a light beam is that 
electrons have a shorter wavelength than photons. Resolution and magnification of a 
microscope are related to the wavelength and the energy of the radiation. In general, 
the shorter is the wavelength, the better is the resolution. The source radiation is 
generated using an electron gun. The resulting beam of electrons is focused into a 
tight, coherent beam by multiple electromagnetic lenses and apertures. The lens 
system is designed to eliminate stray electrons as well as to control and focus the 
electron beam. 
The TEM is an electron-optical microscope that uses electromagnetic lenses to focus 
and direct an electron beam. Data is collected from the beam after it passes through 
the sample. The reason for using an electron beam instead of a light beam is that 
electrons have a shorter wavelength than photons. Resolution and magnification of a 
microscope are related to the wavelength and the energy of the radiation. In general, 
the shorter the wavelength is, the better the resolution is. The source radiation is 
generated using an electron gun. The resulting beam of electrons is focused into a 
tight, coherent beam by multiple electromagnetic lenses and apertures. The lens 
system is designed to eliminate stray electrons as well as to control and focus the 
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electron beam. Transmission electron microscopy of ultra thin specimens has become 
a prime technique for characterization of samples. 
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Figure 3.7 The structure of TEM [14] 
Basically, the electron gun produces thermal electrons. These electrons are accelerated 
by applying high voltage to form an electron beam. 'rile electron beam is then flocused 
on and penetrates the specimen. Additional electrostatic and/or electromagnetic lenses 
are used in order to form the image which can be observed on a fluorescent screen or 
recorded photographically [14]. 
TEM samples were cut from polyurethane nanocomposite blockS Using an 
ultrarnicrotome with a diamond knife at liquid nitrogen conditions. Thin specimens 
were collected in a trough filled with water and they were placed oil 400111csh copper 
grids. Transmission electron micrographs were taken with a FEI Tecnai 1`20 field 
emission gun transmission electron microscope. 
3.5.7 Atomic Force Microscopy (AFM) 
The atornic force rnicroscopy (AFM) was invented in 1986 by Buinig Quate and 
Gerber. Like all other scanning probe microscopes, the Alý'M Utilizes a sharp probe 
moving over the surface of a sample in a raster scan. In tile case of the AIN, the 
t, Zonjenser Leos $1 
CxIUJenSe( Lens 0. 
"'Jearl Trt I 
Shf! CýK.,. Vols 
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probe is a tip on the end of a cantilever which bends in response to the force between 
the tip and the sample[ 151. 
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Figure 3.8 The principle of AFM [ 15] 
A Witec pulsed force module (Wissenschaftliche Instruments und Technologyie 
GmbH) was used in a Thermomicro scopes AFM (TA Instruments). A Tektronix TDS 
210 oscilloscope was used to monitor the modulated force. In order to get samples 
with smooth surface. the samples Of POIYUrethane nanocornposite were prepared by a 
LKA Brornma 8800 ultramicrotorne equipped with a glass knife. the process is oil 
room temperature. 
TherrnoMicroscopes FIS silicon cantilever probes were used, having a resonant 
I frequency of 23-38 klIZ, a force constant of 0.2Nrn- , and a tip radiLIS Of 
approximately I Onni. The modulation frequency was set at 500 Hz and the amplitude 
at 5% of maximum. 
3.5.8 Dynamic mechanical thermal analysis (DMTA) 
DMTA is a useful tool to provide information oil damping properties, phase separation 
and other aspect of mechanical behaviour of a polymer. The C01111110111Y used dynamic 
mechanical instruments measure the deformation of material ill response to vibration 
forces. The dynamic modulus, the loss modulus and a mechanical damping (or 
internal Eriction) are determined from these measurements. The modulus indicates the 
stiffness of the material. The mechanical damping (internal friction) gives the amount 
of energy dissipated as heat during the deformation. [ 16]. 
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Figure 3.9 The principle of DMTA [ 16] 
The dynamic mechanical thermal analyser used in this work was made by Rheometri 
Scienfic. It consisted of the following components. 
a)A mechanical spectrometer head with a demountable low-temPerature furnace. 
b) A thermal analyzer, 
C) A temperature programmer 
d) An IBM-compatible computer with plotter. 
The bending mode was used in all the tests in this research. Specimens were held by 
single cantilever clamps. The specimens were mainly tested from -80'C to 200'C, at a 
frequency of 10 Hz and a strain of 4 times with a heating rate of 3'C /min. The 
assembly was placed in the furnace, which was first cooled with liquid nitrogen to - 
900C, and electrically heated at 30C to 200 OC, or more. The temperature near the 
clamps was measured using a platinum thermocouple. Small rectangular bar 
specimens of approximately 3 5mmx I Ommx2mm were tested. 
3.5.9 Tensile Testing 
Tensile stress-strain testing is a widely used method to determine certain mechanical 
properties of solid polymeric materials [17]. The specimen is subject to deformation 
at a constant extension rate and resulting tensile force is measured as a function of 
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deformation. Each specimen was cut by a die punch cutter into a dumb-bell shape 
with the following dimensions: overall length 75mm, width of ends 12.5, length of 
narrow portion 25mm, width of narrow portion 3.8mm and thickness of between 2- 
4mm. 
Mechanical tests were performed according to the relevant BS 903-A2 standard. 
Tensile properties were measured using a Lloyd Instrument (UK) at room 
temperature. A NI-C 2.5kN load cell was used. All the reported results are the average 
of at least five times measurements. The normal rate of' traverse of the moving grip 
was 500mm/min. 
3.5.10 Fatigue Testing 
'rhe cyclic fatigue life of the polyurethane nanocomposites was measured in uniaxial 
tension in a Hampden dynamic testing machine (Northampton, UK), using durnb-bell 
test-pieces. The tests were performed at room temperature, at a constant maximum 
deflection of 100 per cent, and a test frequency of 2Hz. Strain on each test-piece was 
relaxed to zero at the end ot'each cycle [3]. The samples were prepared in the same 
was as those in the tensile experiments. All the reported results are the average of at 
least seven mcnmi-enicnts. 
Figure 3.10 The fatigue machine in IPTMF lab 
3.5.11 Hardness 
Hardness is a measurement of the resistance of' a material to deformation. There are 
three kinds of methods for polymeric materials. Firstly, the hardness test which 
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measures the resistance of a material to indentation by an indenter. The Shore 
durometer belongs to this kind of measurement. The hardness of a material measured 
in penetration into its surface by a loaded indenter is related to its Young's modulus. 
Secondly, hardness tests which measure the resistance of a material to scratching by 
another material or by a sharp point. Thirdly, hardness tests which measures rebound 
of efficiency or resilience [ 18]. 
Hardness tests were performed according to DIN 5305 at room temperature. The 
hardness meter model is a Shore A (Zwick GmbH and Co). All tests were carried out 
at room temperature. An average of at least 5 readings were taken from a flat surface 
and averaged to yield the reported hardness value. 
3.5.12 Viscometer 
The viscosities of the raw materials are a very important factor that influences the one 
step method. Normally, the fillers are added into the polyether polyols [19]. The 
mixtures were tested by viscometer. 
A Haake Viscotester K20 was used for these measurements. The measurement 
procedures were according to the viscometer manual. The sample was tested at a 
temperature and at the use the same shear rate, D, for 30 minutes to make sure the 
measurement was made at the required constant temperature. 
3.5.13 Surface Free Energy Measurements 
Contact angle were collected using Kruss 340 goniometer. All evaluations were at 
room temperature. Two liquids were used: distilled water and diiodomethane (DIM) 
[20]. The sheet samples of polyurethane nanocrnposites were evaluated. A syringe 
was used to place a drop of liquid on the sample surface by lowering the needle down 
towards the sample. The drop should be around 1.5mrn across, which corresponds to 
around 10 divisions on the micrometer. The viewfinder was used to locate and focus 
the drop by adjusting the forward-backward control and the microscope control. The 
position of the drop was adjusted so that the three-phase interface was just to one side 
of the intersection of the cross hairs. The drop was allowed to come to rest and the 
contact angle was measured immediately. If the surface tension of the liquid is larger 
than that of the solid, an angle of contact is formed. This angle increases with 
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decreasing surface energy of the solid. All reported contact angle results were the 
average of at least six measurements. 
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Chapter 4 
Characterization of the MorphoIogy of Polyurethane-Organoclay 
Nanocomposites 
4.1 Introduction 
A lot of the progress in polymer materials can be attributed to the development in 
polymer composites [1]. A composite material is a heterogeneous combination of two 
or more phases, differing in form or composition on a macro-scale. This technology 
can improve dramatically specific performance properties of polymer materials. The 
constituents do not dissolve or merge completely, and, therefore normally exhibit an 
interface between the components. This is a basic characteristic of a polymer 
composite. 
Normally, conventional fillers for polymers are inorganic materials in different forms, 
such as calcium carbonate (particles), glass fibres (fibres) and clay (plate-shaped 
particles). In these types of materials, performance properties are often dominated by 
the inter-phase[2], which defines the transition area from filler to polymer matrix to 
obtain the optimum additive effect. It is necessary to prepare polymer materials in the 
most appropriate manner. Of great relevance to polymer composites is the uniformity 
of particle distribution, and the degree of dispersion of the filler in the polymer matrix 
phase [1]. Characterizations of mixture uniformity and the level of filler dispersion 
are generally considered of utmost importance. 
Dispersion of a mineral component as a reinforcing phase in a polymer matrix is an 
important form of inorganic-organic hybrid [2]. Interfacial interaction between the 
fillers and matrix is an important factor affecting the mechanical properties of the 
composite. If there is not adhesion between the filler particles and matrix, the 
interface can not transfer stress [3]. Strong reinforcement requires compatibility 
between the filler and the polymer. Many inorganic types of filler are hydrophilic. It is 
very important to make them compatible with hydrophobic macromolecules [4]. 
Several compounds, such as clays, micas and glass fibres are surface-modified by a 
coupling agent to make the inorganic material compatible with the polymer matrix. 
However, conventional polymer composites containing aggregated particles can show 
improved rigidity, but they often sacrifice strength, elongation and toughness [2]. 
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A new approach aiming to overcome this basic problem is related to nano-technology. 
The fillers in polymer nanocomposite disperse on the nanometre scale. This method 
demonstrates the great potential to change characteristics of polymers [5]. Single clay 
layers are proposed to be an ideal reinforcing agent [6] due to their extremely high 
aspect ratio and also due to this nanometre thickness. In contrast to conventional 
composites, the nanocomposites based on organoclay exhibit a change over the 
nanometre length scale, because the organoclays are composed of layers with 
thicknesses around I run [7]. - 
The organoclay as a nano-filler is already in use in polyurethane system [8]. 
Incorporation of nano-sized layered silicate into polyurethane has led to improved 
mechanical properties [8]. The mechanism behind these improvements does not well 
understand at present. It might relate with changes in the morphology of the 
polyurethane in the nanocomposite. Polyurethane elastomers are now generally 
accepted to have a two-phase structure [9]. The hard segments form hard domains in a 
soft matrix. The hard domains may be considered as "a filler" in the soft segment 
matrix [10]. It is reasonable to expect that the effect of organoclay in segmented PUs 
would be quite subtle due to the intrinsic complexity of these systems. It is of interest, 
therefore, to establish the effect of organoclay on the two-phase polyurethane 
morphology. The organoclay may interact with the hard or soft segments or both. 
In this chapter, a series of polyurethane-organoclay nanocomposites has been 
prepared by in-situ polymerisation of a polyol-isocyanate-organoclay mixture. The 
aim is in this chapter to understand what role the organoclay plays in the polyurethane 
nanocomposites. 
4.2 Incorporation of Polyurethane into Organoclay 
4.2.1 Effect of Organoclay on the Viscosity of the Mixture 
The organoclay is a layered silicate where alklyammonium ions are introduced into 
the clay galleries by ion exchange. As the surfaces of galleries became hydrophobic, 
the polyether polyol molecules can intercalate into gallery of organoclay to form 
stable mixtures [8]. As a filler, the organoclay may change the viscosity of polyether 
polyol [2]. 
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Fig 4.2.1 shows the effect of temperature on the viscosity of the pure polyether polyol 
BASF 2090. The viscosity of the polyether polyol decreased with increasing 
temperature. The temperature-dependence of the viscosity can be understood 
according to the Arrhenius relationship [11,12]. 
77 = Ae 
-BIT (Equation 4.1) 
Where T represent the absolute temperature and A and B are constants 
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Figure 4.2.1 Effect of temperature on the viscosity of the polyether polyol 
From above results, the viscosity of the polyether polyol decreases with increasing 
temperature. It is assumed that it obeys the Arrhenius behaviour, as shown in Figure 
4.2.2. The coffelation coefficient is 0.971. 
Fig 4.2.3 illustrates the viscosity at a constant shear rate of 500 rpm for mixtures of 
organoclay and the polyether polyol. It can be seen that with increasing of organoclay 
content, the viscosity of the mixtures increases. The curve can be divided into three 
regions. From 0 to 3% of organoclay content, the viscosity increased slightly. From 3 
to 6% of organoclay content, the viscosity of the mixture increased about four times. 
The results show that there is effective interaction between the organoclay and the 
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polyether chains, including possibility absorbent, entanglement structure. There may 
also be particle-particle interaction. 
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Figure 4.2.3 Effect of organoclay content on viscosity of PPG mixture 
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Convention fillers have been used in polyurethanes, for example, inorganic materials 
such as calcium carbonate, and barium sulphate [12]. When the filler has a maximum 
particle size of 125ýtm, the concentration dependence of the viscosity of the 
filler/polyether polyol mixture at constant temperature is accurately modelled using 
the Dougherty-Krieger relation [ 12]. 
71= 110 0- (Equation 4.2) 
Tj is viscosity, Tl,, is the viscosity of the pure polyether polyol. There are two 
parameters in the Dougherty-Krieger model. ý,,, represents the maximum volume 
fraction of filler. k is an "intrinsic viscosity" with a well-defined physical basis. From 
this model, with increasing conventional filler, the viscosity of the mixture increases 
as an exponential function. The viscosity of filler/polyether polyol only increased 
slight at low filler contents (below 10%). From the literature, the agreement between 
experiment and theory is very good in conventional filler/polyether polyol mixtures 
[ 12]. However in mixture of organoclay/polyether polyol, the viscosity change did not 
obey the theory. 
Normally, when the content of filler increases, the number of chains (per unit mass) 
connected to filler particles grows as well. The interactions between polymer chains 
and fillers become stronger. This causes the viscosity to increase significantly. 
However, as shown in Figure 4.2.3, when organoclay content is over 3%, the viscosity 
of mixture does increases greatly. This could be explained by polymer chain 
entanglements. Although it is thought that translation of a polymer chain proceeds by 
means of a series of segment jumps involving short kinetic units, which may consist 
of between 15 and 40 atoms, the complete movement of a chain cannot remain 
unaffected by the surround chains [13]. From the WAXD experiment results, it is 
known that some polyether polyol chains intercalated into the galleries of the 
organoclay particles. This implies that more entanglements form around the 
organoclays. There are two kinds of entanglements: polymer chains/organoclay and 
Polymer chains/polymer chains. The interaction effect is stronger than that of a 
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mixture with conventional fillers, which only have surface absorption interaction 
points. The interactions between polymer chains and conventional fillers are rather 
weak. Their strength is generally substantially less than the strength of entanglements 
between polymer chains [ 14]. 
From Figure 4.2.2, it can be seen that when the organoclay content is over 3%, the 
viscosity of the mixture increased greatly. This can be called a critical point. It led the 
liquid polyether polyol into gel-like state. 
Mixing time may also be another important factor for the intercalation process. In 
order to understand the intercalation process, a series of polyurethane nanocomposites 
with different mixing times were prepared. The samples were analysed by WAXD. 
The results are shown in Figure 4.2.4. The reflection peaks arising from the clay in 
the polyurethane nanocomposites were observed at 20=2.4", and 20=4.8', which 
indicates that the silicate layers still keep an ordered multi-layer structure. However, 
compared to the original organoclay (2 0 =4.5', 20 =7.5'), the peaks for the 
nanocomposite shifted to smaller angles, which indicate that the interspacing of the 
silicate layers was expanded to larger distances by the polyurethane chains. 
From Figure 4.2.4, the polyether polyol intercalated into gallery of organoclay faster 
than was of expected [15]. The experiment results shows that intercalation process 
was complete in I hour. 
4.2.2 Layered Structure in Nanocomposite 
Generally speaking, there are two types of polymer organoclay- nanocomposite. One 
is intercalated, in which extended polymer chains are intercalated into the host layers 
resulting in a well-ordered multilayer structure, and the other is exfoliated, in which 
the host layers (Irun thick) are dispersed in a continuous polymer matrix [16]. The 
structures obtained on the nature of the components used (layered silicate, organic 
cation and polymer matrix) and the method of preparation [4]. Two complementary 
techniques are used in order to characterize the structure of polyurethane-organoclay 
composites. They are WAXD [ 17] and TEM. 
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Figure 4.2.4 WAXD patterns of PU nanocomposites with different mixing times 
Results shown in Figure 4.2.4 indicate that exfoliated clay platelets did not form ill tile 
curing process. 'File process does not drastically alter the coherence length or disrupt 
the layer structure of the silicate crystallites. The morphology of the crystallites 
should be the same as the original layered silicate. The most promising way to lorill 
polymer nanocomposites is the polymerisation ofthe corresponding monomers ill tile 
galleries of the organoclay. The enthalpy evolved during the intcr-gallery 
polyrnerisation provides all essential contribution to the exfoliatioll [4]. Pirillavaia 
discovered that a balance between the extent of intera-gallery and extra-gallery 
polyrnerisation is key factor [ 18]. It determines the structure of clay ill all epoxy 
matrix 118]. For a the P01YUrethane system. the onium cation in the gallery has a weak 
catalytic effect on the reaction between -NCO and -01-1 groups 191. However, tile 
catalytic effect was not enough to overcome the attractive electrostatic lorces between 
the negatively charged silicate layers and the gallery cations. The intra-gallcry 
polyrnerisation was not faster than extra-gallery polynierisation. So intercalated- 
nanocomposites tend to be formed [8]. 
TEM is a powerful technique to study structures on the nanornetre scale. To be oil tile 
safe side, the results of WAXD should be always accompanied by a TEM 
investigation. It is possible that there is a coexistence of structures in a polymer 
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nanocomposite. TEM and WAXD become complimentary techniques, filling in gaps 
of information that the other technique cannot be provided. 
Figure 4.2.5b shows the transmission electron micrograph of the polyurethane 
organoclay nanocomposite. The organoclay clay is C20. The dark lines are silicate 
layers and the other region is the polyurethane matrix. It can be seen that silicate 
layers are intercalated by the polyurethane matrix. Further evidence of nanometre 
scale dispersion of silicate layers in the case of polyurethane-organoclay 
nanocomposites is supported by TEM. The thickness of the silicate layers of 
organoclay (dark lines) was about Inin. The silicate layers are dispersed in the 
polyurethane. The distance between the silicate layers in the polyurethane matrix 
about 4nm. The gallery distance was measured 50 times, and the average value was 
obtained. The result is 4.01±0.24mn. In Figure 4.2.4, the diffraction peck position (20) 
is at 2.36'. According to Braggs' law, the gallery distance is 3.74mn. The result is in 
agreement with that of TEM. The value is far larger than the sodium silicate layers 
spacious of 1.2nni. This is evidence that these organoclays are intercalated by the 
polyether polyol chains. 
Some areas of the polyurethane matrix appear to contain oriented collections of 5-10 
parallel layers and are, presumably, remnants of organoclay tactoids, but with 
substantial expansion of the gallery beyond that corresponding to an intercalated 
silicate phase. Close examination of these domains reveals a consistent layer gallery 
of approximately about 4nm, with the intervening galleries between layers filled with 
polyurethane matrix. It is particularly interesting to note that that sample is mostly 
homogeneous between the silicate layers and the polyurethane matrix. In fact, 
examination of the micrographs shows excellent apposition between the organoclay 
layers and the polyurethane matrix. 
The polyurethane-organoclay nanocomposite is best described as being intercalated. 
By WAXD, it would be simply defined as intercalated, in that there was an observed 
increase in the d-spacing as compared to the organoclay d-spacing. However, the 
TEM images showed that although there were indeed intercalated multilayer 
crystallites present, single exfoliated silicate layers also exit in some areas. The TEM 
images revealed that a mixed morphology of intercalated and exfoliated structures 
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exist. The broadness of the WAXD peak suggests that a diversity of structures exist, 
but this could have been an effect of the local clay disorder within those crystallites, 
as pure exfoliated structures would not give peaks by WAXD. Thus, TEM give more 
information about morphology of this polyurethane organoclay nanocomposite. The 
features of the local microstructure from TEM give useful detail to the overall picture 
that cannot be dravvn from the WAXD results. 
Figure 4.2.5a TFM microscograph of PU nanocomposite at low magnification 
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Figure 4.2. ---, b TEM microscograph of PU nanocomposite at 
high 
magnification 
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From Figure 4.2.5a, there is aggregation of particles of organoclay in the polyurethane 
material. However, Figure 4.2.5b, shows quite clearly the existence of well-dispersed 
individual silicate layers of Inm thickness embedded in the polyurethane matrix. 
These domains reveal consistent layer gallery structure, with the intervening galleries 
between layers filled with polyurethane matrix. It is particularly interesting to note 
that sample is mostly homogeneous between the silicate layers and the polyurethane 
matrix. In fact, examination of the micrographs shows that the material is a 
microcomposite and nanocomposite mixture. 
4.3 Dispersion of Organoclays in a Polyurethane Matrix 
In order to obtain optimum additive efficiency in polymers, it is necessary to use the 
appropriate manner to achieve the desired property [2]. Measurement of mixture 
uniformity, in particular, the level of filler dispersion, is generally very important. 
This information can be obtained from analysis of samples by several techniques. The 
most common approach to the analysis of filled polymer composites is by direct 
observation of the microstructure, for example optical microscopy, SEM et al [2]. 
Microscopic examination of fracture surfaces of a material can, generally, provide 
valuable information regarding the material behaviour [19]. SEM allows one to 
observe the breakdown of agglomerates, and, therefore, it is very useful as a research 
tool. 
Particle size and shape are two key factors determining the performance of particulate 
fillers in all polymer types [1]. Although these seem to be simple concepts, there are 
several terms that need to be defined in relation to morphology. The term, primary 
particle, normally refers to the smallest unit that the filler can be composed in its 
assemblies. These primary particles are form aggregates or agglomerates. This 
depends on the strength of the interaction. 
In this research, the organoclays [4] were used as fillers to prepare polyurethane- 
organoclay nanocomposites. So, nanocomposites can be formed by dispersing the 
organoclay in a polymer matrix. In order to get more information about morphology 
of this material, the fractures surfaces of some tensile samples were observed by 
SEM. 
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Fillers can be mixed with polymers by a number of methods, such as in solution, in 
the melt and by in- situ polymerisation [20]. These polyurethane nanocomposites have 
been synthesized by in-situ polymerisation. First, the organoclay was dispersed in the 
polyether polyol. At the same time, the molecules of polyether polyol intercalate into 
the galleries of the organoclay. Then, the mixture reacts with isocyanate to form the 
polyurethane- organoclay nanocomposite. The two mixing processes could be able to 
break filler aggregates, wet the organoclay particles by the matrix and uniformly 
distribute the particle through the polyurethane matrix. 
From technical data sheet provided by the Southern Clay Company, the size of 50 
wt. % organoclay C20 particle is less 6ýt. The organic clay was modified by 
alkylammoniurn ions, which allows a better dispersion of the organoclay in the 
polyurethane. The nature of interaction of the chains on the quaternary additives in 
gallery of organoclay is important in achieving good dispersion and compatibility 
with the polyurethane matrix. From Figures 4.3.1 to 4.3.2, it is interesting to note that 
polyurethane organoclay nanocomposites have small particle aggregations, which is 
observable at relatively low magnification. This information is very important in the 
study of the mechanical properties. The organoclay is dispersed in the form of swollen 
organoclay particles. From the TEM results, the multi-plates of organoclay layers are 
extended to a distance range about 4nni. Thus, the overall volume of the affected 
polymer is increased greatly. It is different with conventional filler which is not 
compatible with the organic matrix [2 1 ]. 
Figures 4.3.1 to 4.3.2 present the microstructure of two kinds of polyurethane - 
organoclay nanocomposites. One is based on HMDI isocyanate and other is based on 
a MDI prepolymer. The fractures surface of samples were observed by SEM. The 
bright spots on the backscattercd images correspond to organoclay aggregates. The 
organoclay particles are finely dispersed. Moreover, the finest dispersion can probably 
not be detected by SEM. Structure of primary particles has been observed by TEM in 
Figure 4.2.5b. The organoclays disperse in polyurethane matrix uniformly. There are 
aggregates particles on the microscale size. The result must be due to show 
interactions of the organoclay primary particles. According to the SEM image, the 
aggregated size of organoclay is from I ýt to 10 g. The results show that this kind of 
samples is mixture of macrocomposite and nanocomposite structures. 
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A 
C. 
B 
1) 
Figure 4.3.1 SIAI photographs ol'the fi-acture SUrtaces of PU nanocomposites 
based on HMD A: C20 HMDI-O%- 110- 14%, B: C20-HMDI- I %- 110- 14%, C: 
C20-HMDI--' )%-110- 14%. D: C20-HMDI-5%-110-14% 
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Figure 4.3.2 SEM photographs of fracture surface of polyurethane 
nanocornposite based on MDI. A: C20-MDI-O%- 110- 1 80, /o, B: C20-MDI- I 
110- 1MC: C20-MDI- 1%- 110- 1MD: C20-MDI-5/o- 110- 18% 
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Figures 4.3.1 A to Figure 4.3.1 D are samples based on HMDI. From Figure 4.3.2A to 
Figure 4.3.213, the samples were prepared with MDI prepolymer isocyanate. Both 
have been prepared using organoclay C20. Some particles of organoclay are pulled- 
out of the matrix (see Figure 4.3.2). This indicates good adhesion between the 
organoclay and polyurethane matrix with increasing organoclay content. The results 
show the microstructure has some effect at high content of organoclay. For the pure 
polyurethanes in Figure 4.33A and 4.3.2A, the fracture surface was featureless. This 
is typical of an elastomer material. In contrast, samples containing organoclay show 
considerable surface structure. The aggregate particles of organoclay are extremely 
strong and unlikely to break during crack growth. Becker [22] proposed that 
intercalated clay promotes toughness whereas exfoliated clay platelets mainly 
improve stiffness of the polymer matrix, due to energy-absorbing shearing of the 
intercalated clay layers. It must be recalled that these materials do have a lateral 
dimension in the micron scale and it is possible that these may encourage crack 
stopping and pinning [22]. 
4.4 Effect of Organoclay on the Glass Transition Temperature 
4.4.1 Glass Transition Temperature 
A polymer may be completely amorphous in the solid, which means that the chains in 
the specimen are arranged in a totally random fashion. As the sample is heated, it 
passes through a temperature called the glass transition temperature, beyond which it 
softens to be rubber-like. This is an important temperature, because it is the point 
where important property changes take place. The material may be more easily 
deformed or become ductile about Tg [13]. The state of a polymer depends on the 
temperature and on the time allotted to the experiment. At low enough temperature, 
all elastomer materials are stiff and glassy. On warming, the polymers soften in a 
characteristic temperature range known as the glass-rubber transition region. The 
glass transition is perhaps the most important single parameter which one needs to 
known before one decides on an application. 
In polyurethane elastomers, there are some thermal transitions. The low temperature 
behaviour is determined by the nature of the soft segment backbone (polyether or 
Polyester). The Tm is determined by the melting point of hard segment (formed by 
chain extender and the isocyanate) [23]. Polyurethane is now generally accepted to 
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have a two -phase structure in which the rigid segments form the hard domains in a 
matrix of soft segments. DSC and DMTA are widely used to detect the glass 
transition temperature in the polyurethane. 
MDSC is one of techniques used to study the glass transition temperature of 
polymers. Tle glass transition temperatures was determined from the peak 
temperatures of the heat capacity differentials (dCp/dT), as the glass transition 
temperature can be recognized from a step increase in heat capacity [24]. DMTA can 
be used to study the glass transition temperature too. The loss factor has a peak [25] at 
glass temperature. In order to avoid measurement error, the two techniques were used 
to study the effect of organoclay on Tg of the polyurethane soft segment. 
4.4.2 The Effect of Organoclay on the Tg of Soft Segment 
Polyurethane nanocomposites have attracted a great deal of attention recently, 
because some properties of polyurethane were improved substantially after the 
addition of organoclays [8]. The incorporation of fillers into a polymer matrix can 
bring changes in some characteristics of the resulting composite. One analysis method 
is the test of the glass transition temperature, which can be used to investigate the 
effect of the filler on the polymer. 
When polymer chains insert into the galleries of an organoclay in a 
crystallographically regular fashion, the repeat distance is few nanometre. From 
Figure 4.2.5b, the TEM image shows that the polyurethane-organoclay 
nanocomposite is an intercalated composite. Normally, the confined polymer chains 
in the galleries are expected to cause dimensional stability and resist flow [20]. 
However, at the nano-scale, it is not clear whether polyurethane chains still obey this 
tendency. In order to understand the organoclay effect on the polyurethane chains, the 
Tg was measured by MDSC and DMTA. 
According to the preparation process, the soft segments (polyether polyol) inserted 
into the galleries of the organoclay. The interactions occurring at the interface of soft 
segment-organoclay are very complicated [26]. The soft segment may be absorbed 
directly to the surface of the organoclay. In addition, the alkylammoniurn chains in 
gallery may "dissolve" to different degree into the soft segments. Probing the 
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interface interaction in the organoclay gallery is relatively difficult. However, the 
glass transition temperature of soft segment should give some information about 
interaction between the organoclay and the polyurethane matrix. 
The Tg of a polymer system can change for a variety of reasons, including changes in 
tacticity, molecular weight, and retained monomer. The method of synthesis used in 
producing polyurethane nanocomposites does not change chemical structure of 
polyurethane molecules [27,2 8]. In this experiment, the polyurethane index is I 10. It 
is also not possible to have retained monomer in polymer nanocomposite. However, 
the Tg may change due to the interaction of the polymer with the organocIay. 
From Figures 4.4.1 and 4.4.2, the results of MDSC indicate that the Tg of segment 
shifts slightly for the polyurethane nanocomposite, compared with the pure 
polyurethane. Considering the measurement error, the Tg of the soft segment was no 
changed. Tien [28] also got the same results. As a filler, the organoclay may affect 
formation of polyurethane, but it is limited to affect molecular weight after adding 
organoclay. Tien found that variation in the molecular weight at different 
polyurethane nanocomposite were less than 10% [28]. It shows that the polyurethane 
molecular chain lengths were not obviously affected by the presence of the 
organoclay. It is reasonable that organoclay at low content does not affect molecular 
weight greatly. 
The theoretical analysis by Fox and Flory [I I] indicates that the general relationship 
between Tg at a molecular weight M is related to the glass temperature at infinite 
molecular weight Tg.., by 
T9 = T9... -K (Equation 4.3) (aR - aG)U 
K is a constant, which depends on the polymer. (CtR - aG) is the free volume. So, in 
this research, the result of the glass transition temperature can not be explained by 
molecular weight effect, which is not the main factor in the system. 
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Figure 4.4.1 dC'p//dT versus temperature plots for the PU nanocomposites with 
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Figure 4.4.2 dCp/dT versus temperature plots for the PU nanocomposite with 
36% hard segment and different organoclay contents 
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Figure 4.4.4 Tan6 versus temperature plots for the PU nanocomposites with 
I 8, A-t. % hard segment and different organoclay contents 
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Conventional fillers can cause the glass transition to increase slightly because the 
centres of interaction act as physical, or chemical, crosslink points, increasing the 
glass transition temperature, similar to the Tg increase when the crosslink density of a 
polymer increases [2]. When crosslinks are introduced into a polymer, the density of 
the sample is increased proportionally. As the density increases, the molecular 
motions in the sample are restricted and Tg rises. 
Generally speaking, an organoclay is ceramic, and therefore, it does not directly 
contribute to the Tg of the matrix. Instead, the interactions of the polymer chains with 
the surfaces of the particles can drastically alter the chain kinetics in the region 
immediately surrounding the particles. One of the unique features of organoclays is its 
extremely high specific surface area. For a well-dispersed system even low filler 
volume fractions provide an enormous amount of interfacial area through which the 
polymer can be altered [29]. Through adsorption of the polymer onto surfaces restricts 
molecular mobility of the affected chains, changes the density of packing of polymer 
chains, and modifies the conformation and orientation of chain segments in the 
neighborhood of the surface [30]. On the other hand, there are some compatibility 
agents in the galleries of the organoclay. Clearly, this will result in some different 
interface dynamics between the polymer and the organoclay particle at the surface 
level. It may be attributed in part to a plasticizing effect of the gallery onium ions [8]. 
For polyurethane, the insertion of the onium ion function group onto the polymer 
chain may form free terminal end. This plasticizing effect resulting from dangling 
chain located at the organoclay interface should make a slight change to the soft 
segment Tg. It benefits the movement of the chains on the surface. The factor 
compensates for the effect confined chains have on the Tg. Thus, it can appear that Tg 
is not changed. 
Figs 4.4.3 and 4.4.4 show the DMTA data. It was found that there was little change on 
Tg temperature. The result is as the same as that for MDSC. 
Figure 4.4.5 shows the result of dCp/dT vs. temperature. It was found that there is a 
two-phase structure in both the polyurethane and the polyurethane nanocomposites. 
The two peaks represent the thermal transitions of hard domains and soft segments. 
One (-600C) is the soft segment glass transition, the other is the hard segment 
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transition [31,32]. With increasing organoclay contents, the positions of two peaks 
did not shift. This indicates that the organoclay does not affect the phase separation in 
this polyurethane. The peak area of hard domain is also unchanged. This implies that 
the organoclay did not affect the formation of hard domains in this system. On other 
hand. the soft segment peak became smaller with increasing of organoclay contents. 
There could be two factors here. One is the organoclay occupying of some volume in 
the soft segment regions. The second reason is that some soft segment molecules are 
diffused into the galleries. The addition of organoclay can place some soft segments 
in a confined state. Thus. ACp should decrease. when the organoclay was added to the 
polyurethane. However. the difference is less than 3%. 
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Figure 4.4.5 dCp/dT vs. temperature for polyurethane nanocomposites 
4.5 SAXS Study of Nlorpholog,, s- of Polyurethane-Organoclay Nanocomposites. 
4.5.1 General remarks 
Polyurethane elastomers are synthesized bv the co-polymerisation of three 
components: a polvol. a diisocyanate and a chain extender. The result is an (AB)n 
tYpe segmented chain architecture with relatively short but numerous A and B 
segments. The A segments. xNhich are built from alternating sequences of chain 
extender and diisocyanate molecules. are referred to as hard segments. The B 
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segments are known as soft segment and originate from the polyol. The microphase 
separated structure composed of hard and soft segment phases account for the unique 
properties of segmented copolymers. Therefore, information about the development 
of such a structure is of great interest from a practical as well as a fundamental 
viewpoint. Normally, SAXS is a key method to examine the microphase separated 
morphology of polyurethanes as well as other polymers [33,34]. For polyurethanes, 
analysis of SAXS profiles enable the measurement of the average interdomain 
spacing, the degree of phase separation, the breadth of the domain size distribution, 
and the interfacial thickness behaviour [35]. 
The two-phase structure in segmented polyurethanes is well-known [36]. One phase 
consists of the soft segments formed by polymer chains with a low glass transition 
temperature, while the other one is constituted of stiff and polar hard segments formed 
by the reaction of diisocyanate with a low molecular weight diol. The glass transition 
temperature of the hard segments is much higher than that of soft segments. So, that 
the hard segments act as physical crosslink and the soft segments rubber elasticity 
between the two glass transition temperatures corresponding to the hard and soft 
segments. It results often in the formation of the domains of are of three forms: 
spheres; cylinders or lamellae, which is determined primarily by the relative volume 
fraction of the component [36]. TEM can be used to study hard domains of 
polyurethanes. Polyurethanes can show a clearly pronounced spherulitic structure. 
The sample should be pretreated by a combined application of physical (y-irradiation) 
and chemical (chlorosulphonic acid and osmium tetroxide) treatments. The thickness 
of the internal bright zone (the lamellae structure) varies from 5 to l2nin [37]. On 
other hand, atom force microscopy has been utilized to confirm the presence of an 
optically anisotropic spherulitic structure in polyurethane [38]. AFM images, for the 
first time, spatially resolved the dimensions, shapes and connectivity characteristics of 
the microphase-separated microphology for this polyurethane. This technique also 
confirmed that the spherulitic structure of polyurethane is not of a chain-folded 
lamellae type. it was shown that there exist lamellae-shaped hard domains microphase 
separated from the soft phase. 
Considering the structure of lamellae in polyurethanes, it was show that by using a 
simple geometrical construction that the correlation function can directly yield the 
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following structure parameters in SAXS studies [35], There are the average lamellar 
thickness and the long period spacing. SAXS provides quantitative and qualitative 
information on the morphology of two-phase systems when the domain sizes are on 
the order of nanometres and the electron densities of the two phases differ sufficiently 
[35].. 
Organoclays can improve some polyurethane properties [39]. The organoclay may 
affect the morphology. Thus, a full understanding of the organoclay effect on phase 
separation is very important. It will provide some useful information for the 
preparation of high performance polyurethane nanocomposites. 
4.5.2 The Principle of SAXS Data Analysis 
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Figure 4.5.2.1 (a) One-dimensional SAXS data, (b) One-dimensional 
correlation function calculated as the Fourier transform of the SAXS data [40] 
In the linear model, unoriented samples of a partially crystalline polymer are 
represented by an ensemble of densely packed, isotropically distributed stacks of 
parallel lamellae. Dimensions of the stacks, parallel and normal to the lamellar 
surfaces are assumed to be large compared to the interlamellar distance. Furthermore, 
uniformity is assumed: all stacks should obey the same internal statistics [401. 
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Figure 4.5.2.2 Electron density distribution p and its related correlation 
function IF for lamellar systems of different regularity (a) periodic two-phase 
system. (b) The effect of long-spacing variations on (a). (c) The effect of 
thickness fluctuations on (b). (d) The effect of introducing diffuse phase 
boundaries to (c). Symbols are described in the Figure4.5.2.3. [401 
In the linear model, unoriented samples of a partially crystalline polymer are 
represented by an ensemble of densely packed, isotropically distributed stacks of 
parallel lamellae. Dimensions of the stacks, parallel and normal to the lamellar 
surfaces are assumed to be large compared to the interlamellar distance. Furthermore, 
uniformity is assumed: all stacks should obey the same internal statistics [40]. 
SAXS data can be subjected to correlation function analysis in order to derive the 
structure parameter corresponding to the sample. The correlation function is simply 
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the Fourier transform of the SAXS curve as shown in Figure 4.5.2.1. It is related to 
the electron density distribution within the sample as shown in Figure 4.5.2.2. Tile 
scattering behaviour of this system can be related to the electron density distribution 
measured along a trajectory normal to the inner surfaces of a stack. This trqýlectory 
will pass through arnorphous regions with given density and crystallites with a given 
density. 
f, j(q)q 2 cos(qx)dtl 
17, (x) = () I 
(Equation 4.4) 
f. j(q)q2dcj 
0 
J(q) is the scattered intensity and q is the scattering vector. 
E%ttactiowi (4 Weal lAmellAr pirimeters trom 
the v.. o dimen, io-l .. reelAw. f .. tion. 
r, IFý 
Figure 4.5.2.3 One-diniensional correlation function analysis. Parameters 
obtained: Long period=Lp, Average hard block tlilckiiess=-I, c, Average core 
thickness=Do, Average interface=Dtr, Average soft block thickness=La=Lp- 
Lc, [40] 
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4.5.3 Results of SAXS 
4.5.3.1 Effect of Organoclay on the Morphology of PU Nanocomposites with a 
Low Content of Hard Segments. 
Polyurethane-organoclay nanocomposites were prepared by dispersing organically 
modified layered silicates in a polyurethane rnatrix. Its distribution and the degree of 
the polyurethane-interfacial interaction may be affected by the polyurethane 
morphology and increase the complexity of structure. Thus. it is necessary to study 
the effect of organoclay on the morphology of these polyurethane nanocornposites. 
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Figure 4.5.1 Onc-dimension correlation function of flic polyLirethanc 
nanocompoiste with hard segment 14% 
Normally, the polyurethane-organoc lay composites are a three-phase, nanoscalc 
system comprised of layered silicates, sol't segment regions and hard domains. From 
the SAXS experiments, the structure parameters can be obtained. They are average 
values. In this experiment. the organoclay contribution is neglected, because the 
organoclay content is low (below 5wl. 'Yo). It maybe gives more clear and simple 
explanation, when the hard domain thickness data arc explained, 
The samples with 14wt. % hard segment have been prepared from 
I-IMDI/PPG/BDO/C20. Tile representative reSLIltS for the onc-diniensional corrclatioll 
function for these polyurethane nanocomposites are shown in Figure 4.5.1. The 
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presence of maximum in the correlation function is indicative of a periodicity in the 
phase correlation and it is related to the average inter-domain spacing (long period). 
The long period can be obtained from the position of the first maximum of the 
correlation function. It can be divided into two components, hard domains and soft 
segments. [41] As show in Figure 4.5.1, the phase structure did not show significant 
changes, except that the first maximum peak was shifted to small value after the 
organoclay was dispersed in the polyurethane. This indicates that the long period 
decreased. 
Table 4.1 Morphology data-SAXS from Figure 4.5.1 
Sample Long period (ran) Hard domain thickness (nm) 
C20-HMDI-CO%-l 10-H14% 67.9±0.5 13.2±0.4 
C20-HMDI-C I %- II O-H 14% 58.7±0.5 14.1±0.1 
C20-HMDI-C3%-l 10-H14% 58.1±0.4 12.5±0.2 
C20-HMDI-C5%-l 10-H14% 56.3±0.5 14.6±0.5 
C20-HMDI-c7%-l I O-H 14% 56.7±0.5 14.1±0.2 
Small angle X-ray scattering was used to demonstrate differences in domain size and 
long period. Fig 4.5.1 shows the results for these experiments. Table 4.1 data are 
derived from these SAXS experiment. The values in this table should be viewed as 
comparative estimates only. The hard domain thickness and long period can be 
determined from the one-dimensional correlation function. The long period distance 
decreases with increasing organoclay content. However, the hard domain size is not 
significantly change. The hard domain size was controlled by the minimum critical 
sequence length insoluble in the soft segment matrix [24]. So, the hard domain size 
was not affected by organoclay at low contents of hard segment. 
Table 4.2 Morphology data-SAXS from Figure 4.5.2 
sample Long period (nm) Hard domain thickness (nm) 
C20-HMDI-C5%-105-HI45 58.3±0.5 16.0±0.5 
C20-HMDI-C5%-l 10-H145 58.7±0.3 15.1±0.2 
C20-HMDI-C5%-115-HI45 59.4±0.3 16.1±0.3 
C20-HMDI-C5%-120-HI45 59.9±0.4 15.5±0.4 
C20-HMDI-C5%-130-HI45 59.3±0.1 15.2±0.2 
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Figure 4.5.2 One dimension correlation function of the POIYUrcthane 
nanocompoiste with different iso index 
In order to get more information about the hard domains at low contents of hard 
segment, another experiment was been designed. Samples with different isocyanate 
indices were investigated by SAXS. The hard segment content is 14wt. ')/o and 
organoclay content is 5%. An interesting result was obtained. Fig 4.5.2 shows tile 
SAXS results. Table 4.2 presents the data from the experiment. Tile long period and 
hard domain were not affected by the isocyanate index. NCO groups of' I IMI)l call 
react with hydroxyl groups, including from polyether polyol and urethane groups. 
I lowever this chemical crosslinking did affect tile hard domain size at low contents of' 
hard segment. 
4.5.3.2 Effect of Organoclay on the Morphology of PU Nanocomposites vvith 
Medium Contents of Hard Segment 
Two groups of samples based on MDI/1113G/13DO/C20 were prepared. I lard segment 
contents were 18% and 26% by weight. Tables 4.3 and 4.4 show the experimental 
results. The hard domain size decreases with the increase of hard segment content, 
resulting from hydrogen bond interaction between the domains. From Tables 43 and 
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4.4, the long period and hard domain size increase with increase of hard segment 
content. Larger hard domains were fornied [42 1. 
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Figure 4.5.3 one dimension correlation function of' the PU nanocornpoiste 
with 18% of hard segment 
Table 4.3 Morphology data from Figure 4.5.33 
Sample Long period (nrn) Flard dornain thickness (nm) 
C20-M DI-CO%- II O-H 18% 64.6±1.4 11.9±0.5 
C20-M DI-C I %-I I O-H 18% 59.5±0.9 9.8±0.2 
C20-MDI-C3%-] I O-H 18% 56.3±0.12 9.7±0.1 
C20-MDI-C5%-l 10- 50.3±0.10 8.3±0.1 
Table 4.4 Morphology data-saxs from figure 4.5.4 
Sample Long period (iii-n) I lard domain thickness (nni) 
C20-M[)I-CO%- I 10-H26% 84.9+0.5 16.5±0.3 
C20-MDI-C]%-l 10-H26% 82.3+0.6 16.6+0.8 
C20-MDI-C3%-l 10-H26% 80.2±0.6 15.1±0.5 
C20-MDI-C5%-l 10-H26% 77.0±0.5 12.8+0.1 
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Figure 4.5.4 One dimension correlation function of the polyurethane 
nanocomposite with hard segment 26% 
The hard domain size decreases with increase of organoclay content. This means that 
the organoclay interrupts the formation of hard domains in this kind of polyurethane- 
organoclay nanocomposite. With increase of organoclay content, the long period is 
also reduced. It contributes that the organoclay particles form the clay domain. In 
samples with medium content of hard segment. the organoclays affect the size of hard 
domains. With an increase of organoclay content. the size of hard domain decrease. 
This implies that organoclays hinder the aggregation of hard segments, which leads 
to the formation of smaller domain. 
4.5.3.3 Effect of Organoclay on the Nlorphologv of PU Nanocomposites with a 
High Content of Hard Segments 
A group of polyurcthanc-organoclay nanocomposites was also prepared by using 
MDI/PPG/BDO/C20. The content of the hard segments was 36%. From Figure 4.5.5 
and Table. 4.5, It is clear that the long period decreases with an increase in the 
organoclay content. 
At high hard segment content. more hard domains disperse in the soft segment phase. 
So, organoclays have some effect on the size of the hard domains in this system. The 
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result also sho\, N-s that the content of hard segments affects the size of the hard 
domains in this system. 
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Figure 4.5.5 One-dimension correlation function of the PU nanocompoiste 
ýý Ith 16`, ý) ofhard segment 
Table 4.5 Morphology data from Figure 4.5.5 
Sample Long period (nrn) Hard domain thickness (nm) 
C20-MDI-CO%-] 10-H36% 88.7±0.5 24.6±0.2 
C20-MDI-C I %- II O-H36% 87.2±0.6 23.7±0.8 
C20-MDI-C3%-] 10-H36% 85.2±0.5 23.2±0.6 
C20-MDI-C5%-l 10-H36% 84.8.0±0.7 24.3±0.1 
4.6 Conclusions 
The TEM and WAXI) results sho,, ved that our polyurethane-organoclay 
nanocomposites are intercalated. There is aggregation of the organoclay in these 
Polvurethane-organoclay nanocomposites on the macro-scale. However, the particle 
dispersion in polyurethane matrix was uniform. 
The addition of organoclay did not affect the Tg of soft segment. There is an 
interaction between soft segments and the organoclay surface. However the 
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compatibility agents could play a plasticizing role in gallery for soft segments. So, the 
soft segments may move without obstacle in galleries of the organoclay. 
The addition of organoclay has a significant influence on morphology of this 
polyurethane. The long period decreases with an increase of organoclay content. The 
addition of organoclay also resulted in a decrease in hard domain size. 
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CHAPTER 5 
Curing Dynamics of PU-organoclay Nanocomposites 
5.1 Introduction 
The curing dynamics is a very significant factor for polymer processing. In industry, 
about 25% of all polymer products involve a polymerisation step in the final stage [1]. 
This includes monomer casting, rubber moulding, thermoset injection and 
compression moulding etc. Most of these are thermosetting polymers. So, these kinds 
of polymer must be crosslinked in their final stage. A typical thermosetting reaction is 
thermally-activated, and thus, requires time for heat transfer into the reaction process. 
Curing thermosetting materials involves the transformation of low molecular weight 
liquids into polymer network by means of an exothermic chemical reaction. The state 
of the material is dependent on the temperature and the degree of chemical reaction. 
When thermoset products are produced, the primary manufacturing objective is to 
minimize the time to develop enough green strength to resist deformation and 
demoulding. 
Generally speaking, the curing dynamics plays a very important role for 
polyurethanes preparation [2]. The physical, mechanical and electrical properties of 
thermosetting polyurethane materials depend to a large extent on the degree of curing. 
On the other hand, the processing parameters of the polyurethane greatly depend on 
the rate and extent of polymerisation under some given conditions. Studing on the 
curing dynamics of reactive polyurethanes is not only important for a better 
understanding of structure-property relationships, but is also necessary in optimising 
process conditions and final product quality. 
In order to obtain information about the curing dynamics, a number of experimental 
techniques and studies relating to thermosetting cure reactions have been reported in 
the literature. These including refractive index [3], electrical resistivity [41, density [5], 
FTIR spectroscopy [6] and DSC [7] etc. For the polyurethane nanocomposite reaction 
system, two types of methods should been employed to monitor the progress of the 
cure reaction in the research, including FTIR spectroscopy and DSC. 
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FTIR [8] is based on monitoring the changes in concentration of reactive functional 
groups consumed, or produced, during cure reaction. It has been applied to investigate 
curing dynamic and the development of polymer structure during the polyurethane 
formation [9-11]. The specific absorption peak (2280cm") of the NCO groups was 
chosen and monitored during the process. A reference CH peak was used as an 
internal standard peak to compensate for sample thickness change. DSC, which 
monitors the reaction heat release rate, is also most commonly used to study curing 
dynamics [12], because of the simplicity, and the capability of obtaining important 
thermal transition information without the knowledge of detailed chemistry. DSC is 
also an effective analysis technique to study the curing dynamics of the polymeric 
dipheylmethane diisocyanate reaction [7]. The reaction parameters were determined 
from DSC experiments. The heat flow is proportional to the extent of monomer 
conversion [7]. 
Normally, the rate of the polyurethane reaction is related to the concentration of NCO 
groups, active hydrogen groups and catalyst. Some research publications show that 
the overall reaction process obeys the second order mechanism [13,14]. In real 
situations, it is more complicated than the mathematical equation for second order 
reaction. There are autocatalytic and diffusion effects in the polymerisation [151. The 
reaction induced phase separation generally proceeds from an initially homogeneous 
solution via a liquid-liquid phase separated morphology in the process of the reaction 
[16]. Moreover, it is known that conventional filler has also some effect on the cure 
rate of reaction for polyurethane composite. Such as the grade of calcium carbonate (> 
I p) and its pH value affects the polyurethane reaction [ 17]. 
Polymer-organoclay nanocomposites have been studied in laboratories across the 
world. Some properties of polyurethanes can be improved by organoclays [18]. It is 
an intercalated nanocomposite. As a filler material, organoclay has been recognized as 
a potentially useful nano-filler in the polymer matrix. It has a lamellar structure. 
Pristine clay usually contains hydrated Na' or K' on the surfaces of the galleries, 
which can be replaced by other ions, by an ion exchange process, such as 
alkyammonium ions [ 19]. In this research, the quaternary ammonium ions render the 
normally hydrophilic silicate surface organophilic, which makes possible easy 
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intercalation of polyurethane molecules. The role of alkyl ammonium cations in the 
clay is to lower the surface energy of the inorganic host and improve the wetting 
characteristics with the polymer. This type of compound can be a weak catalyst in a 
reactive polyurethane system [20]. It is possible to increase the reaction rate of 
Polyurethane. On other hand, the organoclay has a large active surface area (700- 
800ný/g) and gallery structure [21]. It is possible that the organoclay can absorb some 
molecules, such as the polyurethane catalyst and reactive groups that may result in a 
delay of the reaction. Thus, it is necessary to study the effect of organoclay on the 
curing dynamics of our polyurethane. So far, the curing dynamics and the mechanism 
of the polyurethane nanocomposite process are not thoroughly clear. So, this chapter 
is designed to elucidate the polymerisation process in polyurethane nanocomposites. 
5.2 MDSC Study 
5.2.1 Polymer Networks and General Nature of Curing 
Before crosslinking, polymers consist of linear chains of high molecular weight with 
no molecular bonds between chains. The polymer may flow under stress, if it is above 
Tg- As the monomers have more than two reactive groups, a crosslinking reaction will 
take place during the polymerization. This makes a polymer network structure of 
three dimensions. 
Polymer networks, such as thermosets and vulcanized elstomers, constitute a major 
class of polymeric material. Their properties differ in many aspects from those of 
linear and branched thermoplastic polymers. Thermosets are insoluble three- 
dimensional network structures in which chain motion is restricted by crosslinking. 
Thermosetting materials are produced by polymerization 'in situ' since they cannot 
flow and be reshaped upon the application of heat after formation- Their insolubility, 
together with the amorphous nature of the network, restricts the applicability of 
diffraction and other morphological techniques to characterize the final structure. 
Thermosets can be divided into several classes depending on the chemical 
composition of the monomers or pre-polymer (resins). Polyurethane is one kind of 
important thermosetting resin in current commercial application. 
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The 'in situ' polymerisation or cure process implies an irreversible change under the 
influence of heat and /or pressure from a low molecular weight and soluble material 
(the resin) into one which is insoluble through the formation of a covalently 
crosslinked, thermally stable network. During this chemical curing, the 
& chemorheology' of the system evolves from viscous flow for the resin to elasticity 
behaviour for cured thermoset. Simultaneously with the change in mechanical 
properties, such as the elastic modulus increasing from almost zero to more than 109 
Pa, the glass transition temperature, Tg usually increases from a value below room 
temperature for the resin formulation up to a final value far beyond room temperature 
for the cured thermoset. 
A basic requirement for the overall transformation from a liquid reaction mixture to a 
solid amorphous three-dimensional network is the involvement of monomers of which 
at least one type possesses functionality greater than two. As cure progresses, highly 
branched structures develop; and when these structures extend throughout the whole 
sample, 'gelation' is attained. The point of gelation, corresponding to the incipient 
formation of an infinite network, marks the end of macroscopic flow of a curing resin. 
From this point, the mixture is divided into a gel and a chemorheology fraction. The 
gel fraction is insoluble and increases at the expense of the sol content as cure 
proceeds beyond gelation. The sol fraction remains soluble and can be extracted from 
the gel [22]. The moment that the weight average molecular weight diverges to 
infinity is referred to as chemical gelation. According to Flory's theory of gelation for 
step -growth polymerisation [22], the conversion at chemical gelation is constant, as 
cure continuing, the sol is ftirther incorporated into the three-dimensional network 
causing an increase of the crosslink density. 
As the cure progresses, T. increases with the increasing molecular weight and /or 
corosslink density. While curing isothermally, Tg will often rise to, or beyond, the 
the material gradually cure temperature, T,,,,,. When Tg becomes equal to T, 
transforms from a liquid to a solid state. This process is called 'vitrification', 
solidification or hardening. Vitrification determines the ultimate degree of reaction 
conversion of the thermosetting system because it dramatically affects the progress of 
the cure reaction. Cure paths can be isothermal, non-isothermal or a combination of 
both. It is necessary to be known about the cure mechanism and reaction kinetics of 
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the reactive mixture. A rate law taking into account chemical and diffusion effects has 
to be modelled according to an empirical approach [7] . 
5.2.2 Theory of Curing Dynamics 
The change in the concentration of the reactive group, or the products formed during 
curing, can be measured by DSC [23], which is the most widely applied and useful 
technique for studies curing processes. The basic rate equation in the analysis of DSC 
curing dynamics is follows: 
da I dt = Ae-f(a) (Equation 5.1) 
Where at a given time and temperature da / dt is the rate of conversion; A, the pre- 
exponential factor: x=E/RT, the reduced activation energy (E is the activation 
energy), and f(a) the function representing the curing dynamic model. The empirical 
curing dynamic model mostly applied in curing reactions is the reaction order model 
[23]. Normally, it is called as nth-order model. 
f(a) = (I - a)" (Equation 5.2) 
For many cure conditions, a detailed mechanistic approach is unrealistic. So, an 
empirical approach might be preferred for modeling the in situ conversion process of 
a thermosetting material under practical conditions. The auto-catalysed model has 
been applied to polyurethane formation [7]. In general, an auto-catalysed reaction 
takes the following form. 
da 
= ka'(1 - a)" (Equation 5.3) dt 
The sum of m and n equals the order of the overall reaction [7]. Most commonly, a 
maximum rate of cure is reached at 45-55% of cure. It certainly is more accurate than 
an nth-order kinetics approach [7]. For polyurethane nanocomposite fonnations, it is 
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not clear about the reaction mechanics. The auto-catalysed model will be used to 
analysis the experimental data. 
A basic assumption in the DSC technique is that the heat flow H, generated in the 
curing reaction is proportional to the rate of conversion [7]. 
AH, = da / dt x AH (Equation 5.4) 
AH, is the overall reaction heat flow up to time t and A. H,,,, the overall reaction 
enthalpy for full reaction (a = 1). 
MDSC is also called as temperature modulated DSC [15]. It is an extension of 
conventional DSC in which a modulated temperature input signal is used. This 
modem technique has proven to be very beneficial for the thermal characterisation of 
many materials, especially polymers [24]. From MDSC, heat flow, heat capacity and 
phase angle can be obtained at same time during curing process. The heat flow 
increased at first and passes through a maximum. The heat capacity Cp first decreases 
slightly. Subsequently a stepwise decrease in Cp is observed. The decrease in Cp 
corresponds to the transition of the polymerising system from the liquid to solid [24]. 
The time at half of the change in heat capacity, ti/2Acp obtained in a MDSC experiment 
can be used to quantify the time of verification. The time can be interpreted as the 
time that half of the material has transformed to the solid state. The evolution of the 
phase angle over the course of the reaction contains valuable information on the 
reaction mechanism. Fundamental dynamic studies are by preference performed under 
isothermal rather than non-isothermal reaction, conditions, because frequently, as cure 
proceeds, parallel reactions with different activation energies occur, changing the 
relative rates of reaction with temperature. 
5.2.3 Non-isothermal Cure of Polyurethane-Organoclay Nanocomposite. 
Fundamental dynamic studies are, by preference, performed under iso-thermal rather 
than under non-isothermal reaction conditions. It is possible that parallel reactions 
with different activation energies occur. The relative rates change with different 
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temperatures. One non-isothernial experiment comprises all the dynamic information 
normally contained in a series of isothermal experiments. It makes the dynamic 
analysis of non-isothermal DSC data very attractive. Compared with epoxy resins, tile 
polyurethane formation is faster in application [7]. The chernical reaction can occur at 
room temperature. The rnethod of non-isothernial cure should be more effectivc. For 
non-isothermal curing the equation is a follows 
-I* 
Al 
(Equation 5.5) 
8* AHI 411 
Where 8= dT / dt 
In this experiment, C20 organoclay was used and the effect of clay content (0%. 1%, 
3%, 5% and 7%) on the curing dynamics was studied using MDSC. 
Figure 5.1 shows that the DSC Curves of the polyurethane and its nanocornposites 
with different organoclay contents. Figure 5.1 indicates that the system has a 
characteristic transformation at about 77"C. The results are listed in table 5.1. 
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Figure 5.1: Effect of clay content on the curing dynamics 
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Table 5.1 Effect of organoclay content in non-isothermal tests 
Sample 
number 
Organoclay content 
(%) 
Peak position ('C) H (J/g) 
1 0 76.5 2.23 
2 1 76.9 2.28 
3 3 77.8 2.39 
4 5 76.0 2.41 
5 7 76.9 2.3 
Table 5.1 shows the non-isothermal results. All systems have characteristic peaks at 
about 770C. This transformation is due -NCO conversion. There is no change in the 
shape of the peaks. The peak area is about 2.3J/g. In the experiments, the isocyanate 
index of all samples was fixed at 110. So, The results exclude the effect of the 
isocyanate index. The results clearly show that the concentration of organoclay in the 
system did not have any significant effect on the non-isothermal curing process. The 
reaction mechanism did not change. It also shows that the effect of temperature is a 
key factor. However, according to Equation 5.5, the heating rate and temperature 
should affect the curing rate in a non-isothermal reaction. 
In Table 5.1, there is no change of the AH with increasing organoclay content. It 
seems that the non-isotherm experiment provides limited information on the effect of 
organoclay on the polyurethane reaction. There are two reasons for this. First is that 
temperature has a strong effect on the curing process which observe the effect of 
organoclay. The result indicates that the effect of organoclay is weak in the non- 
isothermal reaction. The second is that the organoclay is mixed with polyurethane at 
low contents. In order to understand effect of organoclay, isothermal cure tests were 
also applied. 
5.2.4 Isothermal Cure of Polyu rethane-Organo clay Nanocomposites 
In order to understand the effect of organoclay on curing dynamics, modelling 
approaches based on dynamic DSC data were conducted. A series of experiments 
with different organoclay contents were conducted by MDSC at different 
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temperatures. For studying curing kinetics, the isothermal approach has sonic in 
perfections. For example. significant heat flow losses could occur in tile early stages 
in such an experiment, as well as near the apparent completion when the reaction rate 
falls below the sensitivity of calorimeter. With this knowledge, as well as the fact that 
t'aster curing rate exits at the beginning. only experiments at 40T, 45T and 50T 
were considered to be better estimate of the curing processes. 
5.2-4.1 Isocyanate Index Effect 
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Figure 5.2 I'l , Ilect of isocyanate index on tIlC CUring dynamics of' the 
polyurethane 
In order to understand the effect of' the isocyanate index, the two groups of' 
experiments were designed. One group is the pure polyurethatic without orgailoclay 
(0% organoclay content), and the other group is a polyurctliane nanocomposite with 
5% organoclay content. Isocyanate indexes 105,110,125 and 150 were chosen. 
Figure 5.2 and Table 5.2 express the efl'cct of' isocyanatc index oil file curing 
dynamics of the pure polyurethane. It shows clearly that there is an obvious c11Cct of' 
curing time. With respect to the 110 isocyanatc index as the rct'crence point, samples 
prepared with higher isocyanate indexes required much longer curing time. 
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Table 5.2 Isocyanate index effect on the polyurethane system (0% organoclay 
content) 
Sample No. Isocyanate index Peak position (min) 
1 105 29.5 
2 110 13.0 
2 125 29.5 
4 150 25.5 
This is an unusual phenomenon as the sample with the I 10 isocyanate index has a 
faster curing rate than the 125 and 150 isocyanate indexes. This might be due to the 
side reactions, which occur at the 125 and 150 isocyanate indexes. Isocyanate index is 
the ratio of the isocyanate equivalent to the -OH group level. Normally, excess 
isocayanate can react with urethane and urea to form allophanate and biuret links. 
This phenomenon can actually be related to the actual production line [20]. With this 
side reaction, a product will require a longer time for curing before a moulded sample 
can be de-moulded. De-moulding of the product before an appropriate time would 
result in poor part quality [25]. 
At 105 isocyanate index, some OH groups would be unable to react with isocyanate 
groups. Hence, this particular formulation should be exhibited a longer curing time. 
Figure 5.3 and Table 5.3 express the effect of the isocyanate index on the curing 
dynamics of the polyurethane nanocomposites. The tendency is the same as that in the 
pure polyurethane. When isocyanate index is 110, the reaction rate is the fast. The 
explanation is as same as that in polyurethane system. Consequently, the I 10 
isocyanate index was chosen for the subsequent experiments. 
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Figure 5.3 Effect of isocyanate index on the performance of' polyurethane 
nanocomposites 
Table 5.3 Effect of' isocyanate index oil the performance of polyurethane 
nanocomposites (5% organoclay content) 
Sample No. Isocyanate index Ileak position (min) 
1 105 36.5 
2 110 10.2 
125 21.8 
4 150 21.7 
5.2.4.2 Effect of temperature 
In order to obtain the details of effect ofternpcratUrc on during dynamics, a sencs of 
experiments were conducted with different organoclay contents (O(Yo. I (No, 3%, 5"NO and 
7%) at different curing temperatures (40T, 45T and 50"C). The areas under the 
exothermic peaks xýcre used to estimate rcaction degree. 
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I' dH 
x di (Equation 5.6) 
A II,, () 
dt 
a(l) is the degree of reaction at a given time, II is the heat flow at time increase I 
and AH,,,, is the total heat of curing, which is usually taken as the area of the DSC 
exothermic on the temperature sweep. The data were treated by Origin 5 software. 
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Figure 5.4a Degree of reaction versus time (at difTerent temperatures, with 
0% clay content) 
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Figure 5.4 shows the heat flow curves for a sample with 0% organoclay content at 
400C, 45'C and 500C. With increase of temperature, the peak of heat flow shifts to 
lower values of time. The widths of the peaks decrease. This shows that temperature 
has a strong effect on this curing polyurethane system. It is clear that the curing rate 
increases with increasing temperature. At about 100 min, the reaction degree closes to 
I as shown Figure 5.4 a. This means that reaction is nearly complete. 
According to Equation 5.1, the rate constant depends strongly on temperature. The 
rate constant follows the Arrhenius equation. 
k= Ae EIRT (Equation 5.7) 
E is the activation energy, A is the Arrhenius frequency factor, R is the ideal gas 
constant and T is the temperature. The Arrehenius frequency factor relates the number 
of collisions that need to occur in a unit time to carry out the reaction. By increasing 
the temperature, this reaction can be considerably accelerated. These results can be 
explained by classical collision theory [26]. When the molecules react, some energy 
has to be expended in overcoming an energy barrier. The energy is required to disturb 
the electrons from their initial arrangement. When the temperature increases, the 
number of collisions with high kinetic energy also increases. Thus, the reaction rate 
becomes faster with increasing of temperature. 
Figures 4.5.5a indicates the results for the sample with 1% organoclay. The trances 
are similar to these of the sample with 0% organoclay. After about 60min the reaction 
degree was about 1. This shows that the organoclay shows some catalytic function. 
From Figures 5.6a, 5.7a and 5.8a, the results show that the organoclay has some delay 
effect on reaction at temperature 40-45'C. When organoclay content is over 3%, there 
is no obvious different between curves of 40 and of 450C. The result indicates that 
organoclay could be a delay effect on the reaction in the period of temperature. It 
contributed to the big surface of organoclay [21]. The active group and catalysis 
molecules could be absorbed on the surface of organoclay. At low temperature (40- 
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45"C), the absorbing effect of organoclay becomes very clear, because the 
temperature strongly affects the reaction and reaction parameters. 
0 030 
0.025 40'C 
0,020 
clayat 110 index 45'C 50, C 
1-%/. 
0015 
.C 1% clay at 1 ndex 40 
= 
C 1% clay at 1 lo. ndex 40'C 
1 clay at 1 nde. 50 C 1% clay at 11 index WC 
0 
ILL 
0010 
45'C 
0005 
0000 
0 10 20 30 40 50 60 70 80 
Time (mins) 
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With increase of temperature, the heat flow peaks shift to lower values of time. The 
reaction rate increases with temperature increase. This tendency is the same as the 
result for the polyurethane sample (organoclay content 0%). The difference between 
the curves for 40'C and for 45'C becomes small. It may be possible that the 
organoclay has a delaying effect in the range of this temperature. 
It is known that clay can absorb some molecules on its surface. This characteristic has 
been used to determine the surface area of clays [27]. The most trustworthy results 
have been obtained with the method by Brunaner et al. When a gas is allowed to come 
to equilibrium with a solid or liquid surface, the concentration of gas molecules is 
found to be greater in the immediate vicinity of the surface than that in the free gas 
phase [28]. Hendricks and Dyal [27] used the adsorption of ethylene glycol for 
surface-area determination. This organic molecule is absorbed on both external and 
inner surfaces. 
The catalysis in polyurethane nanocomposite synthesis could be affected by the 
organoclay. In this experiment, organoclay is a modified montmorillonite. It was 
characterized by a large active surface area [21]. After it has been modified by 
alkylammonium ions, the organoclay attains a hydrophobic character and typically 
has larger gallery spacing. So, the organoclay has some absorbing capacity for organic 
molecules. For this reason, the difference of reaction constant at 400C and 45'C 
becomes small at organoclay content of 3% or more. However, the curve of 50'C is 
obvious by different to the curve at 400C. With increasing temperature, the absorbing 
effect will become weaker. 
From the curves of the reaction degree, the organoclay content affects the reaction 
process. At clay contents of 0% and 1%, the reaction degree curves show a regular 
arrangement. With increasing the reaction temperature, the curves shift to lower 
values of time. The difference of shift is almost the same. The results indicate that the 
1% organoclay did not affect the reaction system greatly, compared with polyurethane 
system. When the reaction temperature was 500C, the results show that there is an 
obvious difference between the curves at 50 and 40'C. The reaction rate becomes 
faster with increasing the temperature. The absorption behaviour of organoclay may 
make the reaction more complicated. The both factors of the temperature and content 
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of organoclay affect the reaction rate in the synthesis of polyLirethane 
nanocomposites. 
5.2.4.3 Effect of Organoclay Content 
Figure 5.9 clearly sho\, vs that the organoclay content affects the reaction rate. With 
increase of organoclay content, the heat flow peak shift to lower values oftime. 
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Figure 5.9 1 feat flow versus time (at 40"C, with different clay contents) 
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Figure 5.11 f leat flow versLis time (at 50T, with different clay contents) 
Table 5.4 Effect of organoclay content 
Sample No. Organoclay % t,,,, k at 40 tpeak at 4150CI 
011in) 
tpcak at 5WC 
011111) 
0 
-38 
1 29 8 8 
3 16 16 12 
4 5 14 12 11 
5 7 12 8 
The organically-modifled layered silicate Includes alkylaninionluni ions as 
compatibilizing agents in the galleries. These alkylammonlurn ions act as a catalyst in 
polyurethane reaction. In this experiment, the alkylarn1`1101141111 CO111PO11C11t Was 
tertiary arnines. The tertiary amines, a standard class of' catalysts, are widely used 
commercially in the polyurethane chernistry 1201. The promotion cHCct is related to 
the base strength of this compound. It is obvious that this kind of' organically- 
modified clay should affect the reaction. Figure 5.9 to Figure 5.11 slio\\ that 
organoclay content alTected the curing rate. From Figure 5.10 and 5.11, with 
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increasing temperature, the peak shapes have changed. Tile peak position cannot be 
used as a parameter to judge the reaction rate. It is necessary to calculate the 
relationship between the reaction degree and the time then compare the results with 
that for FTIR spectroscopy at 50T. From Equation 5.6, the curves of reaction degree 
versus time have been obtained. They are shown in figure 5.9a, 5.1 Oa and 5.1 Ia. 
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Organoclay is a special filler. It has been found that there are two I'actors which call 
affect the reaction process: the catalystic effect of the alkylarnmoniurn ions, and the 
delay effect frorn the absorbing capacity of the organoclay surface. Both factors at - feet 
the curing process. However the catalyst effect is the more important. From figures 
5.9a, 5.1 Oa and 5.11 a, the experimental results indicated that the organoclay can 
make the curing rate faster. 
5.2.4.4 Isothermal Curevvith Vitrification 
The curing experiment can be considered in more dctail as a typical cv, 111pIc Of 
isothermal cure with vitrification. Tlie reaction exotberm obeys an auto-catalytic 
behaviour. The t1/2 \( tirne obtained in a MDSC experiment can be used to ClUantl k' tile 
tinie of' vitri fication. This tirne can be interpreted as the tinic that bal fol'thc niaterial 
bas transformed to the glassy state (on the tirne scale ofthe modulation). 
The material that starts to I, orm tile structure is a combination of' polyether polyol, 
extender agent and isocvanate. which is a mixture. When isocyanate reacts with 
extender to form the hard segment, the vitrification of' hard segment fi-ceze in the 
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morphology at critical time during polymerisation. As chain extension continues, the 
degree of polymerisation reaches at time of vitrification, microphase separations 
occurs. This is the microphase separation transition [29]. 
From Figures 5.12 and Figure 5.14, the results show that the heat capacity decreased, 
because the mixture changed from liquid to solid. In this reaction system, tile tj/2, \C' is 
lower than t peak 11 in heat flow curve. This means the onset of vitrification occurs 
below a conversion of 50% of the functional groups. ]'his maybe caused by phase 
separation [16]. With the increase of clay content, the t1/2Ac decreased. ]-his also 
indicates that the organoclay makes the reaction faster. 
The isothermal heat capacity change as a function of conversion is formed fior tile 
different thermosetting system [30]. The negative change in Cp is always observed 
during reaction-induced vitrification in reaction mixtures of polyurethancs. Before 
vitrification, a heat capacity change is the result of chemical reaction. 
0490- 
0485- 
0480- HMD'12090 
BG 14 
0 475 - 
:t - 
t 40 , 
_ 0 
(D 0 470 - cl 
0465- 
0460 
0455- 
0450- 
0 20 40 60 80 100 10 
Time (min) 
Figure 5.12 Heat capacity versus time during cure. 
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These polyurethane samples show that there wim a chirige of hem capacity chii-ing 
chendcal reacUon at about 400C% Ilis temperature is below the 'rm or the hant 
domains, which is about 140"C [20L As the tirrie increased, tile I IMM-11DO-polyol- 
mganoday mixture became viscous aiul a gckHke suspension t1ornied at 4(YY Ile 
t1/2ACOfthe mixture decreased with increase in orgartoclay contcM. Ile result shows 
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that organoclay made the reaction faster. 'rhis result gives evidence, which is in 
accord with the results from heat flow data. The reason is that the ammonium cations 
in organoclay galleries act as catalysts for polyurethane formation. 
5.2.5 Modelling of Isothermal Cure of Polyurethane-Organoclay Nanocomposite 
A auto-catalyzed dynamic model [7] was used to determine dynamic parameters from 
the MDSC results. The mathematical equation used takes the following form. 
da 
-= ka (I -a)" (Equation 5.3) di 
First, from the MDSC heat flow data, the relationship between reaction degree and 
time was obtained. Second, the 
da 
data were calculated using equation 5.4. The (x di 
data were obtained for equation 5.6. Finally, no-linear regressions were performed to 
get the dynamic parameters, k, m and n from equation 5.3. The computer soltv"are 
was Orange 5.0. In order to avoid the interrupt ot'diffusion effect in tile reaction, tile 
reaction data were chosen from 0 to 0.4 degree of conversion. With increase oftinic, 
the diffusion effect should be more significant. The experiment results are as follows. 
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Table 5.5 Fitting results of reaction constant K and order ofreaction 
K in n in+n order 
ClayO% 40"C 0.0638 0.538 1.695 2.2 z2 
Clavl% 40'C 0.1382 0.682 0.926 1.6 2 
Clay3% 40"C 0.2682 0.751 1.464 2.2 2 
Clay5% 40"C 0.1331 0.515 1.145 1.7 2 
Clay7% 40T 0.1890 0.563 1.297 1.8 2 
Table 5.1 shows that the organoclay did not affect the reaction order of polyurethane. 
The reaction order is about 2. The experimental results accord with tile data which 
were obtained from the literature [)I I. The organoclay did not affect tile reaction 
mechanism. The reaction order stays almost the same in tile dit III crent reaction 
mixtures with different organoclay content. However, the reaction rate constant has 
been influenced with the increase oforganoclay content. 
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Figure 5.16 Reaction constant, K, vei-sus organoclay content 
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From Figure 5.16, the organoclay affects the reaction rate constant. With increasing 
organoclay content, the rate constant increases. The organoclay could affect the 
number of reaction group collision. Also the alkyammonium concentration increases. 
The effect of organoclay as catalysts becomes more important. 
Various mechanisms have been suggested to explain the catalytic activity of tertiary 
amines [32]. Experimental work has shown the formation of an activated complex 
between the amine and hydroxyl components in the reaction. The amine tends to 
separate the active hydrogen from the oxygen of the alcohol to a greater degree than 
normal, thus greatly increasing its ability to react with the negatively charged nitrogen 
of the isocyanate group [32]. 
Although organoclay contains amine ions, compared with triethylene diamine, the 
compound is a weak catalyst for polyurethane synthesis. The triethylene diamine 
(DABCO) was used in this reaction mixture [27]. Steric hindrance is another factor to 
affect catalytic activity. The alkyammium ion has a long chain (HT). It will be a lower 
catalytic effect. 
At low temperatures, the organoclay has the delayed-action too. Clay belongs to the 
hydrous layer silicates of the phyllosilicate family, which implies that the surface of 
organoclay can absorb some catalyst molecules (amine, tin) readily. From Figures 
5.6a to 5.8a, the curves for 400C and 45'C have only slight differences. Another 
reason is that alkyamonium ions are known to be delay catalysts [33]. Bechara et al. 
were award a patent an amine salt of an amino acid and an organometallic. The 
delayed-action is clear here. 
5.3 FTIR Spectroscopy Study 
5.3.1 Introduction of FTIR Spectroscopy 
FTIR spectroscopy was used to monitor the polyurethane reaction. Its basic principle 
has been described in many publications [34,35]. This method is useful for 
determining the concentration of free NCO group. It is relatively simply and fast. 
However, calibration is necessary for each sample. A calibration curve internal can be 
constructed using the NCO/CH ratio of peak area. 
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In a FTIR spectroscopy experiment, ANCO is the absorbance of the isocyanate and Aw 
is as the absorbance of the reference bond. In this experiment, it is the CH bond. It can 
be shown [34,35] that; 
A=ANCo/A, ef (Equation 5.8) 
So, the extent of reaction can be calculated from the following expression. a(NCO- 
IR) is reaction degree. A(t) is calibration area of isocyanate peak at t time. AO is initial 
calibration area of isocyanate. 
a(NCO-IR)= I -A(t)/Ao (Equation 5.9) 
The specific absorption peak (2280crn") of the NCO group was chosen and monitored 
during the reaction. The absorbance area of the NCO group peak was integrated in the 
range from 2171 cm"to 2389 cm". The synthesis process of the polyurethane was 
followed from its onset to almost complete conversion. A CH reference peak of CH 
was used as a internal standard to compensate for sample thickness change. The NCO 
groups reacted with OH groups to form urethane groups. By integrating the 
absorption area against the reaction time, the degree of reaction (cc) was obtained. 
5.3.2 FTIR Spectra 
Figure 5.18 is a FTIR spectrum of HMDI and Figure 5.19 is the FTIR spectrum of the 
polyether polyol. After mixing the HMDI and polyether polyol, the FTIR spectra of 
mixture is shown in Figure 5.20. In infra-red analyses, the various functional groups 
will absorb infra-red light of characteristic wavelength, hence obeying the Lambert- 
Beer law [34,35]. The depletion of the functional groups i. e. -NCO and the formation 
of C=O groups were monitored during the course of the curing reaction. CH2 and CH3 
peak areas served as the internal standard. Three structure groups and the peak areas 
were investigated and all spectra were taken in the absorbance mode. Figure 5.20 
showed the FTIR spectra for the individual components. 
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Figure 5.21 shows the FTIR spectra of some samples with different contents of clay 
after reaction for 90 minutes. There are three characteristics absorbance peaks in the 
spectra. The peak at 2240cm" was caused by the stretching of urethane NCO group, 
while the peak at 1740cm-1 was due to the stretching of the urethane carbonyl group. 
The peaks at 2524 and 3124cm-1 were due to the asymmetric and symmetric C-H 
stretching vibrations. However, the absorbance peaks of the various bond vibrations 
and hydrogen bonding of PU/organoclay nanocomposites remained the same as those 
the pure PU. This result led to the conclusion that there were no major chemical 
structural changes between the polyurethane and the polyurethane nanocomposites, at 
these small amounts of organoclay. 
5.3.3. Effect of Organoclay Content in an Open System 
Figures 5.22 and 5.23 indicate that the clay contents affected the curing process. 
When the organoclay content increased, the reaction rate decreased. It is unusual, 
because this result is opposite to the result from the MDSC experiments. Analysing 
the results of DSC and FTIR experiments, it was found that the sample system could 
affect the reaction rate. In a DSC experiment, the DSC pan was closed when used, 
which is closed system. In the FTIR experiments, the sample was coated on surface of 
a KBr plate, which is an open system. In other words, there could be different effects 
of the organoclay between the open and closed systems. In order to prove the 
assumption, the some further experiments were designed. 
From the MDSC results for a closed system, there are two effects of organoclay: 
absorption and catalysis effects. To understand better these two kinds of effects, some 
other experiments at different conditions were designed. One was a closed system and 
another was an open system. Then the experiment results will be compared with each 
other. In an open system, low molecule-weight species may migrate more easily than 
in closed systems. 
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5.3.4 Comparison of M-DSC with FTIR Spectroscopy 
5.3.4.1 Closed System 
In order to understand the effect of' organoclay on curing dynamics, tile DSC and 
FTIR spectroscopy were used for study the curing reaction. The results were 
compared with each other under the same conditions. The airn ofthe experiment was 
to confirm the effect of' the organoclay content. Two KBr plate were used in FTIR 
spectroscopy experiment. The sample then had a similar environment to being a 
closed DSC pan. There is not frcc surface for such samples 
In the closed environment, the reaction rate becornes faster with increasing 
organoclay content. I-IoNvever. when the organoclay content is below 3%, it aftects the 
polyurethane reaction only slightly. So, in application, when the 3% oforganoclay is 
added to the polyurethane under isothermal conditions, the production parameters 
need not change greatly. It was found that the results frorn the MDSC are in 
agreement with that of FTIR for the closed system in the isothermal condition. 
7'1 
10 
0 9- 5% 
CD 
a) 07- 
7 
42) 0 5- HMDI[2090, Hl4% BOO 
, o,, d,. i 10 at 50 C 
04 
03 0 10 20 30 40 50 60 70 0 
Time(min) 
Figure 5.24 Degree of reaction versus time for ditTerent organoclay contents 
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Figure 5.25 Degree of reaction versus time for different organoclay contents 
5.3.4.2 Open System 
From Figures 5.26 and 5.27, with increase of organoclay content, the curing rate 
decreases for the open system. 
04 - clay 1 
clay 0% 
0 
03- HIVIOU2090 . 
BOO l 
0 Index 11 
IN 
50'C 
0 clay 3% 
. clay 5',. 
m oi lay 7"- 
00 
0 20 40 60 80 100 
Time (min) 
Figure 5.26 Effects of' organoclay on the curing dynamics investigated hN 
LISIng an open system 
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Figure 5.27: Effect of organoclay content on the curing dyllarnics 
studied by MDSC for an open system 
The FTIR spectroscopy results are in agreement xvith ot'MDSC for the open system. 
Organoclay consists of a two-dimensional, I nin thick layer, which is made Lip of two 
tetrahedral sheets of silica fused to an edge-shaped octahedral sheet of alumina or 
magnesia. The lateral dimensions ofthcse layers vary from 300A, to several microns 
[21 ]. Stacking of the layers leads to a regular van der walls force betv,, cen them. This 
longer structure could act as a capillary. Thus, this may have a significant cII`cCI upon 
hydro-dynarnic phenomena in the interior [361. Capillary action is the ability of a 
narrow tube to draw a liquid upwards. The surface tension pulls the liquid column lip 
until there is a sufficient weight of liquid flor the gravitational I'orce to overcome the 
intermolecular interactions. The weight of' the liquid Column is proportional to tile 
square of the tube's diameter, but the contact area between the liquid and tile tube is 
proportional only to the diameter of the tube. So, a narrow tube will draw a liquid 
column higher than a wide tube. Tlie lbi-1111.11a is as follows 1371. 
27'cos 0 
(Equation 5.10) 
i39r 
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h is high of a liquid column, T is interfacial tension, 0 is contact angle, p is the 
density of liquid, g is acceleration due to gravity and r is the diameter of the tube. 
If a liquid is in contact with another substance (gas or solid), there is a free interfacial 
energy between the two. The interfacial energy arises from the inward attraction of 
the molecules in the interior of a substance upon those at the surface. When 
organoclay is added to a polyurethane reaction mixture, the small molecules, such as 
the diisocyanate, the extender and the catalysts, may be adsorbed on the interior walls 
of the gallery. In the open system, there is a free surface. Thus, the molecules may be 
transported by diffusion along a concentration gradient. Normally, the molecules of 
liquid within the absorbed layers are assumed to be mobile [36]. However, the 
migration of some molecules may be causes restricted which the decrease in the 
reaction rate with an increase in the organoclay content in the open system. 
5.4 Conclusions 
As a nano-filler material, the organoclay can affect polyurethane formation. The 
addition of organoclay has a promoting effect on the reaction rate. The galleries of the 
organoclay have ammonium ions as compatibility agents. However, the effect is not 
strong at low organoclay contents. When the organoclay content is 3% or less, the 
catalysis effect is not obvious under isothermal conditions. This means that 
organoclay has no negative effect for application in the polyurethane industry. On 
other hand, the organoclay is a porous material. The gallery structure can act in a 
similar way to capillary, which can absorb molecules. Such small molecules could 
migrate to the free surface. Thus, when organoclay content is 3%, or more in an open 
system, the curing rate decreased. 
5.5 Reference 
1. L. J. Lee, Rubber Chemistry and Technology, 1980.53: p. 542. 
2. Macosko C. W., RIM. -Fundamentals of Reaction Injection Molding. 1989, 
Munich, Vienna and New York: Hanser Publishers. 
3. H. Dannenberg, Society of Petroleum Engineers Journal ., 1959.15: p. 875. 
4. M. A. Acitelli; R. B. Prime; E. Sacher, Polymer, 1971.12: p. 335. 
5. R. E. Cuthrell, J. Appl. Polym. Sci., 1968.12: p. 955. 
140 
Chapter 5: Curing Dynamics of Polyurethane Nanocomposites 
6. M. J. Elwell; A. J. Ryan, Polymer, 1996.3 7: p. 13 5 3. 
7. D. P. Harper; M. P. Wolcott; T. G. Rials, International J. of Adhesion & 
Adhesives, 2001.21: p. 137. 
8. A. Yousefi; P. G. Lafleure; R. Gauvin, Polymer Composites, 1991.18: p. 157. 
9. G. M. Rego; M. A. Pastor; J. J. Campo, J. Appl. Polym. Sci., 1989.3 8: p. 237. 
10. E. B. Richter; C. W. Macrosko, Polym. Eng. Sci., 1978.19: p. 10 12. 
11. G. L. Wilkes and R. Wildnaure, J. Appl. Phys., 1975.46: p. 4148. 
12. S. Sourour; M. R. Kamal, Thermochimica Acta, 1976.14: p. 4 1. 
13. C. Xue; Z. P. Zhang; S. K. Ying, Polymer, 1986.27: p. 1269. 
14. H. Djomo; A. Morin; M. Damyanidu; G. C. Meyer, Polymer, 1983.24: p. 65. 
15. J. E. K. Schawe, Thermochimica Acta, 2000.36 1: p. 97. 
16. W. Li and A. J. Ryan, Macromolecules, 2002.35: p. 5034. 
17. G. Wypych, Fillesr. 1993, Ontario: Chem Tech Publishing. 
18. Z. Wang; T. J. Pinnavaia, Chem. Mater., 1998.10: p. 3769. 
19. S. W Brindley, Crystal Structure of Clay Minerals and Their X-ray 
Difftaction. 1980, London: Mineralogical Society. 
20. C. Hepburn, Polyurethane Elastomers. 1982, London and New York: Applied 
Science Publishers. 
21. E. P. Giannelis, Adv. Polym. Sci., 1999.118: p. 108. 
22. P. J. Flory, Principles ofPolymer Chemistry. 1953, Ithaca, New York: Cornell 
University Press. 
23. S. Montserrat; C. Flaque; P. Pages; J. Malek, J. of Appli. Polymer Sci., 1994. 
56: p. 1413. 
24. J. M. Barton, Adv. Polym. Sci., 1985.72: p. I 11. 
25. W. E. Becker, Reaction Injection Molding. 1979, New Year: Van Nostrand 
Renhold Company. 
26. M. J. Pilling; P. W. Seakins, Reaction Kinetics. Oxford University Press. 
1995, Oxford. 
27. R. E. Grim, Clay Mineralogy. 1968, New York: Mcgraw-Hill Book Company. 
28. D. M. Young; A. D. Crowell, Physical Adsorption of Gases. 1962, London: 
Butterworths. 
29. M. J. Elwell; S. Mortimer; A. J. Ryan, Macromolecules, 1994.27: p. 543 9. 
30. G. Van Assche; A. Van Hemelrijck; H. Rahier; B. Van Mele, Thermochimica 
Acta, 1996.286: p. 209. 
141 
Chapter 5: Curing Dynamics of Polyurethane Nanocomposites 
31. S. W. Wong; K. F. Frisch, Journal of Polymer Science Polymer Chemistry, 
1986: p. 2867. 
32. M. Szycher, Szycher's Handbook of Polyurethanes. 1999, Boca Raton: CRC 
Press. 
33.1. S. Bechara; R. L. Mascioli; P. J. Zaluska, US Patent4,115,634.1978. 
34. G. M. Dego; M. A. Pastor; J. J. Campo, J. Appl. Polym. Sci., 1989.38: p. 237. 
35. G. C. Wilkes; R Wildnauer, J. Appli. Physics., 1975.46: p. 4148. 
36. A. E. Scheidegger, The Physics of Flow Through Porous Media. 1963, 
London: Oxford University Press. 
37. www. wikipedia. ora/wiki/Cgpillary action. 
142 
Chapter6. Effect of Organoclay on Surface Properties on PU-Nanocomposites 
_ 
Chapter 6 
Effect of Organoday on Surface Properties of Polyurethane Nanocomposites 
6.1 Introduction 
Polyurethane surface properties are very important for applications such as coating 
and biornaterials [1,2]. For example, polyurethane coatings with low surface tension 
for anti-fouling have been developed recently [1]. Polyurethanes are also traditional 
biomedical materials with favourable biocompatibility [2]. Surface modification is an 
effective way to improve the compatibility for bio-applications [2]. Moreover, 
polyurethanes have some excellent properties, which mainly derive from the two- 
phase structure of hard domains and soft regions [3]. This structure also affects 
surface properties, due to the phase separation [4]. The degree of phase separation is 
related to the thermodynamics of the polyurethane system. Thus, it depends greatly on 
the nature and content of the hard segments [5]. However, Nakamae [6] also found 
that the surface energy was affected by the soft segment, which migrate to the surface 
of polyurethanes. 
Sometime, polyurethane materials need modification for specific applications. For 
example, in order to enhance biocompatibility and bio-stability, gas plasma 
modification has been used for polyurethane. After the plasma treatment, the polar 
nature of the surface is enhanced by an increase in wetting ability [7]. However, 
sometimes the surface energy needs decreased for polyurethanes, such as coatings 
with an anti-fouling function [8]. Incorporation of fluorine into the polyurethane main 
chains or side chains is common method to reduce the surface tension. There are two 
kinds of synthesis routes for fluorinated polyurethanes. One is using fluorinated 
oxetane polyol [9], and another is by applying a fluorinated chain extender [10]. 
Fluorinated polyurethanes may have more complex surface structures, because of 
surface segregation of the fluorinated polymer chains [ 10]. So far, research on - surface 
properties of polyurethanes has attracted a lot of attention [6,11 ]. This property is of 
fundamental and practical importance for polyurethane materials, because it is related 
to the wet ability and adhesion of these materials. 
Conventional fillers have been used to improve some surface properties of 
polyurethanes, such as colour and anti-friction [5]. Recently, improving the 
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performance of polyurethanes by incorporating organoclays has been an important 
research activity [12]. In chapter 7, it is mentioned that organoclays can enhance 
mechanical properties. Thus, it is important to examine the effect of organoclays on 
surface structure and properties. If the surface energy of polyurethane can be affected 
by an organoclay, a new method may be found to improve the surface properties of 
polyurethanes. This approach also has another advantage. It does not introduce 
chemical groups, which could increase production cost and leach out or migrate to the 
surface in an uncontrolled fashion [7]. 
The aim of this chapter is to investigate the effect of organoclays on the surface 
properties of polyurethane nanocomposites. 
6.2 Methods for Analysis of Surface Properties 
6.2.1 Surface Phenomena and Methods for Measurement of Surface Energy 
There is a surface tension between liquid and solid interfaces, because a cohesive 
energy is present between their molecules. A molecule in the bulk of a condensed 
material interacts with its surrounding molecules. Molecules present at a surface 
cannot fully form such bonding, due to no interactions at the free surface, and, thus, 
have excess energy compared with those in the bulk phase. This excess energy 
existing in the surface molecules, or atoms, is defined as surface energy. Thus, 
materials, which have high cohesive energies, must have high surface energies [13]. 
The Van der Waals and other non-covalent interactions at the interface are 
macroscopic intrinsic materials characteristics. They are quantified as the'surface and 
interfacial energies, defined as the energy required creating a unit area of surface of a 
material in a thermodynamically reversible manner. The surface energy of a material 7 
and the interfacial energy between two materials in contact, 712, determine the work of 
cohesion, Wcohq for two indentical surfaces, and Wadh for two dissimilar surfaces in 
contacts [14]. For two identical surfaces in contact, Wcoh is given by: 
W, 
ýh = 2y (Equation 6.1) 
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For two dissimilar surfaces in contacts, Wadh is given by: 
Wadh 
-"" YI + Y2 - YI 2 (Equation 6.2) 
y, and 72 are the surface energies of materials I and 2, respectively, Y12 is the 
interfacial energy between materials I and 2. 
Currently, the most widely used technology to estimate surface energies of solids is 
the wetting method [14]. The surface energy of a solid can be estimated by the 
measurement of the contact angle formed at the three-phase interface. These are a 
number of possible methods of measuring the contact angle of a solid. The basis of 
these techniques is Young's wetting equation. 
Consider a drop of pure liquid (surface tension YLV) on a smooth homogeneous, rigid 
solid surface (surface free energyvsv), Young' equation[15] is follows. 
rsv = 7SL + 7LV COS (Equation 6.3) 
ysL is the interfacial tension between the solid and the liquid and 0 is the contact 
angle. 
-CLV 
-fj 
AG 
Trsv 
Figure6.2.1 Schematic diagram of a liquid drop on solid surface 
The theory of surface tension components was first proposed by Fowkes [15]. He 
Suggested that the surface tension of a phase could be divided into different 
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components, such as the London dispersion contribution, yd , and the polar 
contribution, yP as represented below: 
y =rd +Y (Equation 6.4) 
Fowkes proposed that the interfacial interaction was due to the interaction of like 
force. Unlike forces were assumed not to interact. He proposed the interfacial tension 
between a saturated hydrocarbon and a solid surface can be expressed by Equation 6.5. 
-2(ydyd)112 (Equation 6.5) rSL -": YS + YL SL 
Owens and Wendt's extended equation [ 15] is shown in Equation 6.6. 
d d)112 
-2(y"yP 
)1/2 (Equation 6.6) 7SL YS + YL - 2(7s YL SL 
By combining these Equations, 
/ 2(yd)1/2 =( 
P)112 (rip /yid)1/2 + (rd)1/2 + COS O)rL L rl s 
(Equation 6.7) 
d 
7L 9 7L and yP can all be found in the literature for water and diiodomethane (DIM). L 
In our experiments, all evaluations were at room temperature, and water and DIM 
were used as the reference liquids. Table I gives the values foryL 2 7P and yd at room LL 
temperature for water and DIM. 
The surface energies of the polyurethane nanocomposites were calculated by using 
, Vd Equation 6.7, and the values ofy,, yP and , given 
in Table 1. The liquid contact LL 
angles can be obtained experimentally. 
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Table 6.1 Literature values OfYL 9yP and y" at room temperature. LL 
Liquids -2 YL (MJM P (mJm -2 YL d (MjM-2 YL 
Water 72.80 51.0 21.80 
DIM 50.76 0 50.75 
6.2.2 Principles of Atomic Force Microscopy 
Atomic force microscopy (AFM) has become an important microscopic method for 
examining the morphology of polymer materials. In AFM, the cantilever arm is 
oscillating at a resonant frequency as it scans the surface. When the tip begins to 
touch the surface lightly, a sensor reverses the motion of the cantilever to continue the 
oscillation. The tip then intimately touches the surface, instead of being dragged and 
introducing damage as is the case with the contact mode. But, since the cantilever is 
not in continuous contact with the surface, a method of measuring the differences in 
the surface height must be determined. This results from changes in the amplitude of 
oscillation of the cantilever. When it encounters bumps on the surface, the amplitude 
of oscillation is reduced. Conversely, valleys, or depressions, cause the amplitude to 
increase. By recording these changes, an accurate topographical map can be produced 
without damaging the surface of the material. To ensure that the oscillation and 
amplitude remain fairly constant, a digital feedback loop is also implemented. In 
AFM, a micro- machined cantilever is oscillating at its resonant frequency, by way of 
a closed loop feedback circuit, as shown in the schematic in Fig 6.2.2a. This circuit 
uses the oscillating deflection signal from the cantilever and, shifts the phases of the 
signal from the cantilever excitation device, typically a piezoelectric element. 
Additionally, an automatic gain control adjusts the exciting amplitude such that the 
cantilever oscillation amplitude remains constant at all times. At the end of the 
cantilever is a tip which approaches towards the sample specimen. The force between 
the tip and the surface will change the resonant frequency of the cantilever, which is 
used as the feedback signal to control the til)-sample distance. 
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Figure 6.2.2a Schematic set-LIP of the AFM [ 16] 
AFM is a method of mapping surface measurements related to local adhesion, elastic 
and electrostatic properties. In theory, it offers a more direct and interpretable 
measurement of mechanical properties [161. The images are constructed 11-oin .1 
sequence of force versus distance curves, as the probe tip is driven into the sample 
surface and then retracted. This process is repeated, while tile probe is scanned over 
the Surface of the sample during image acquisition. The AFM experiments were 
undertaken to gain a better understanding of the morphology of these POIYUretharic 
materials, and also in order to supplement the intlorniation about heterogeneity 
gathered by means of SAXS. AFM can be used to Study polyurethanc elastorners 1] 7 1. 
The surface was freshly prepared by 1rcCZC-CLIttlllg a Piece 01' tile POIYUrCtliane 
material. Topography images will be obtained. At same time, tile PUll-Offf'01-CC \Vill he 
recorded. Both the position of the probe and the forces acting on tile probe will be 
monitored continuously. The position ofthe tip, with respect to the forces acting upon 
it will then give topographical iril'ormation about tile SaMpIC SUrtace and the pull-off 
force acting on the probe will give information about tile adhesive nature of tile 
surface. 
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Figure 6.2.2b AFM torce-distance analysis 
Figure 6.2.2b shows the principle of' the experiment. In this experiment, tile distance 
between sample and tip was gradually decreased arid then increased. When tile sample 
interacts with the tip, the cantilever dc1lects until tile elastic t1orce of tile cantilever 
equals the tip-sample florce. At point A. there is no iritcraction, and tip deflectiori does 
not occur. At point B, the tip jumps to contact the sample surt'ace. Once tile tip is in 
contact with the surtace, cantilever deflection will increase ( position C ). As the 
cantilever is withdrawn, adhesion formed during contact with the surface cause thc tip 
to adhere to the sample ( position D). A key IlleZISUremcnt of the AFM force curve is 
point E., at which the adhesion is broken and the cantilever comes free from the 
surlace. This can be used to meaSUre tile florce to break the adliesion that is the tip 
sample adhesion force. 
6.3 Effect of the Addition of Organoclay on the Surface Fnergy of* the 
Polyurethanes 
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The contact angle is a very important parameter to analyze surface properties of' 
materials [18]. The methods for the solid surface free energy determination rely on a 
wetting contact angle measurement. Measurement of contact angles with watcr and 
diiodomethane (DIM) was carried out in this research. 
Table 6.2 Contact Angle Measurements (degree) 
Sample Water DIM 
C20-MDI-CO%- 110- 18% 64.22 ± 0.74 56.33 ± 1.54 
C20-MDI-Cl%-1 10-18% 71.10 ± 0.85 72.83 ± 1.19 
C20-MDI-C3%-110-18% 75.90 ± 0.79 77.67 ± 0.21 
C20-MDI-C4%-110-18% 79.50 ± 0.27 84.00 ± 0.26 
C20-MDI-C5%-110-18% 80.60 ± 0.34 79.50 ± 0.20 
85- 
80 - 
75 
70 
MDI/BASF2090 
C 65- H, O 
cc BDO H18% 
IS0110 
60 - C20 
wateF 
55- 0 
50- CH), 
45 -I 
-1 01234 
Organoclay content (wt. %) 
Figure 6.3a Relationship between organoclay content and contact angle 
Figure 6.3a shows the effect of organoclay content Oil tile contact angle of' water The 
water contact angle increases with increasing organoclay content. This proves that the 
organoclay caused the surface of the polyurethanes to be more hydrophobic. When 
the 4 wt. % of organoclay was added, the contact angle ol'watcr increases about 201ý(). 
The contact angle is the result of the contribution from polar lorces, hydrogen 
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bonding and dispersion forces [18]. The surface becomes more hydrophobic with 
increasing organoclay, because the organoclay can change polyurethane morphology 
at low content, which will affect this surface property. 
Figure 6.3a also shows the contact angles for DIM increase with increase in 
organoclay content. The contact angle DIM is less then 90'. This non-polar liquid can 
wet the surface of the polyurethanes, because polyurethane chains include some 
hydrophobic groups, such as CH3 and CH2 and CH groups. When organoclay was 
added to the polyurethane from 1 to 3 wt. %, the DIM contact angle increased. At 
3wt% of organoclay, the contact angel increased by about 40%. 
Generally speaking, at room temperature the soft segments are above their glass 
transition temperature. It is possible that organoclay may promote the migration of 
soft segments to the surface during the polymerisation process. The soft segment is 
composed of group -CH2-CH(CH3)-O-. unite. So, it is possible that migration of soft 
segments result in the increase in contact angle of DIM. 
In order to get a better understanding of the organoclay effect on the polyurethane 
surfaces, the surface energy was calculated from the contact angle data. 
Table 6.3 Effect of organoclay content for surface energy 
Sample r, " (MJM -2) r, d (MjM. 2) r (MJM'I') 
C20-MDI-O%-110-18% 13.62 30.85 44.47 
C20-MDI-I%-110-18% 13.93 21.30 35.22 
C20-MDI-3%-110-18% 12.40 18.70 31.10 
C20-MDI-4%-110-18% 11.89 15.50 27.39 
C20-MDI-5%-110-18% 7.79 17.72 25.51 
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Figure 6.3b Relationship between organoclay content and surl'ace fi-ee energy 
Figure 6.3b shows the relationship between the organoclay and SUrtacc tree energy of' 
these polyurethane nanocomposites. Dispersion surface energy is affected by 
organoclay. With increasing organoclay content, the surl'ace energy decreases. The 
dispersion forces are the most important in controlling the stirl'ace wctting 1181. 
Dispersion forces describe the interaction between non-polar atorns or molecules. 
Attraction between two molecules results il'an instantaneous fluctuation in one atoni 
polarizes electrons in adjacent molecules. It relates intermolecular lorces to 
thermodynamic parameters ofa surface. This may be a good approximation 1`61, non- 
polar surfaces which interact only as a result of' electronic perturbations I IS 1. After 
addition of 4 wt. % organoclay, the dispersion surface energy decreased by about 40(Yo. 
So, organoclay can reduce the dispersion free energy even at a low content of' 
organoclay. For the organoclay, there are alkylarm1101111.1111 ions in the galleries as 
compatibility agents. These molecules constitute one or more hydrophilic functions. 
The basic formula of alkylarni-nonium is Cl 1, -(Cl I-, )n-NI W. The organic group CI I- 
(CH, )n- could have ail effect on surface properties. The migration of' sol't segments 
should also make the Surface more hydrophobic. 
Figure 6.3b shows the effect of organoclay on the polar surfacc energy. With 
increasing organoclay content. the polar surface energy decreases. After addition of' 5 
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wt. % of organoclay, the polar surface energy decreased by about 20%. The result 
shows that organoclay also has an effect on the polar surface energy. The polar 
surface energy is contributed by polar groups. In this material, the urethane group is a 
polar. It forms the hard segments. From AFM, it is clearly seen that the hard domain 
is affected by organoclay. From Figure 6.3b, it was found that the addition of 1% 
organoclay makes the hard domain size decrease obviously. Figure 6.5b shows that 
some big, irregular particles exist. There is aggregation between hard domains and 
organoclay. When polar hard domains interact with organoclay, this may decrease the 
contribution of polar groups for polar surface energy. Because of organic groups in 
the organoclay, this may affect the charge distribution of hard segments, which results 
in the decrease in polar surface energy. 
Figure 6.3b shows that organoclay can reduce total surface energy of these 
polyurethanes. The total surface energy includes the dispersion free energy and the 
polar free energy. Addition of 4wt. % of organoclay, the total surface energy decrease 
was about 40%. The nano-particles, the organoclay, have an obvious effect on the 
total free energy of these polyurethanes at low content. It is partly contributed from 
the surface properties of organoclay. The filler size should play a very important role. 
With decreasing particle size, more atoms are on the surface of particle [19], which 
should affect the electronic distribution in the polymer matrix. Dispersion forces 
depend on electronic polarisable of the molecule [ 18]. The specific area also increases 
with decrease in filler size. Thus, the organoclay makes the surface of polyurethane 
materials more hydrophobic. 
Some repeat experiments have been conducted. Figures 6.3c and 6.3d show the 
effects of organoclay on the surface energy with different hard segment contents. One 
group is the polyurethane nanocomposites with a hard segment content of 32 wt. %, 
and the other group is the polyurethane nanocomposites with hard segment content of 
36 wt. %. It was found that the organoclay effect on surface energies is the same in all 
these samples. 
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Fourier transform infrared spectroscopy has been chose as analysis method to study 
group migration [20]. The chemically specific inforniation contained ill the unique 
"fingerprint" region of an IR spectrum allows one to distinguish difTerent materials in 
a mixture. The FTIR spectrum can be acquired using reflection and attenuated total 
reflection (ATR) modes. 
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Figure 6.3e gives evidence to Support tile opinion that group migration Occurs. Tile 
absorption band between 2700cm-1 and 3000cm-' represents tile Cl 13 and Cl 12 and CI I 
groups. Addition of 5% organoclay causes this absorption area to increase. This 
shows that some CH3 and CH, and C11 groups rnigrate onto the surface. Another 
absorption band at I 100cm-1 belongs to the ether group. The absorption area also 
increases, when 5% of organoclay was added. This indicates that the organoclay 
promotes soft segment migration to the surface. 
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Repeat experiments were conducted. It was found that there is the same tendency 
about effect of organoclay on surface properties. See Figures 6.3f and 6.3g. 
From the contact angle experiments, the results show that organoclay reduces the 
surface energy of these polyurethanes. However, errors might occur in tile 
measurement of contact angle. Firstly, tile surface roughricss might contribute to tile 
inaccuracy in the contract angle measurement. It' a drop of' liquid is put oil a rough 
surface. the point of contact of the liquid with tile solid may not be the CLI111libriurn 
one. Hence, this will lead to inconsistency in the data obtained. The other I'actor 
which contributed to the errors might arise from surface heterogeneity. Stirl'acc 
heterogeneity occurs when the different regions ofthe surface have different values of' 
surface free energy. For example, hard domains and soft regions exist in 
polyurethanes. in order to confirm that the contact angic results are correct, AFM was 
used to study the effect of organoclay oil the sLirlace properties of' these 
polyurethanes. 
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6.4 The Effect of Organoclay on Adhesive Force. 
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Figure 6.4a Adhesive force vs. distance 
For topographic measurements, AFM can provide much useful information. For 
example, this technique allows simultaneous detection of height and phase 
information, which provide insights into the variations in topography and local 
stiffness, respectively. AFM can record the amount of' I'Orce felt by the cantilever as 
the probe tip is brought close to a sample and then pulled away. 'Fills technology call 
be used to measure the long range attractive, or repulsive, forces between the probe 
tip and the sample surface, elucidating local chemical and mechanical properties like 
adhesion and elasticity [2 1 ]. AFM can measure the force (at the atonlic level) between 
a sharp probing tip and a surface [221. For all kind of' materials, the IIIOICCLIles oil 
surface have a different situation compared with those of inside. CollseqLlently, they 
cohere more strongly to those directly associated with them oil the stirl'ace. I'lley are 
caused by the forces acting between the basic components ofinatter, and resLilt Croni a 
summation of all the inter-atornic forces acting between all ofthe available atorns of 
the materials involved. 
The force of adhesion was tested by AFM for these polyLirethane nanocomposites 
[231. The curves with maximurn value of adhesive force were compared to analyze 
the effect of organoclay content. The results are shown In Figure 6.4a. The adhesive 
force is affected obviously by the organoclay. It was l'ound that organoclay has a 
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significant influence. The adhesive force decreases with increasing organoclay 
content. The reason is that the organoclay on the surface of polyurethane has made it 
more hydrophobic. When the hydrophobic nature of the surface increases witil 
increasing organoclay, the adhesion force was decreased [24]. 
For further analysis, a simplified model was used in an attempt to extract the value t, or 
the work of adhesion from the force curves. The Derjaguiti approximatioll [221 was 
used for calculation of adhesion work. The tip of AMF is as a sphere of radius 1011111. 
In this approximation, the potential energy per unit area can be estimated. It is for two 
flat surfaces from the experimental force-distance relatioii, F(z) in the geometry ofa 
spherical tip on a flat surface using the following relatioii [221 - 
W(Z) = 
F(z) 
(Equation 6.8) 
2; TR 
Here, R is the tip radius and z is the tip-sample distance. The work of adhesion, i. e. 
the energy needed to separate the material from contact to infinity, is the maxillu. 1111 01' 
the potential energy. 
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Figure 6.4b The work of adhesion vs. organoclay content 
From Figure6.4b, it was found that organoclay reduce,, the work of' adlicsion. The 
work of adhesion decreases with increase of organoclay content. The restilt is in 
agreement with the results of the contact angle experiments. 
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The organoclay makes the surface of these polyurethanes more hydrophobic. This is 
related to the special structure of the organoclay. It was found that organoclay affects 
the morphology of polyurethanes. This may be one of the reasons that the organoclay 
reduces surface free energy. In order to get more information, the AFM images were 
analysed. 
6.5 Analysis of AFM images 
Although SAXS is a key method to examine the microphase-separated morphology of 
polyurethanes, real-space visual characterization of the dimensions, shape, 
organization and dispersion of micro-domains is not possible by this technology. 
Moreover, applying TEM to image two-phase structures of polyurethanes is a 
challenging task [25]. In order to get good TEM image, the electron density of one of 
the phases is sometimes enhanced using a staining agent such as OS04 [25]. However, 
the method perhaps affects the morphology during the staining process. It is possible 
lose some information, due to the chemical reaction. Now, AFM can give an effective 
method to examine the morphology of polymer surfaces [26]. One of the useful 
aspects of AFM is its ability to quantitative by measure the spatial dimensions. An 
AFM image is taken by scanning the sample relative to the probing tip and measuring 
the deflection of the cantilever as a function of lateral position. [27]. 
Figure 6.5a-A shows a typical low-resolution AMF image of a polyurethane, C20- 
MDI-CO%- II 0-H3 6%. The image shows signal of the presence of the hard and soft 
segments. In a moderate force image, the high phase corresponds to high modulus and 
low phase to low modulus [28] Thus, the lighter phases is the hard segment-rich phase 
[22], and darker regions correspond to the soft segment phase. Normally, the hard 
domain size is about 10-20mn [22], in which hydrogen bonding plays a very 
important role, which also causes aggregation of hard domains in polyurethanes. The 
lighter phases can be attributed to aggregation of hard segments. However, the 
comparing lighter and darker parts, it was found that the aggregation of hard segment 
may include some soft segments, because the hard segment content is 36% in this 
polyurethane. So, the aggregation of hard domains is not a homogeneous structure. 
159 
Chapter6: Effect of Organoclay on Surface Properties on PU-Nanocomposites 
On close inspection of the image, some parts of the hard domain aggregaties are 
isolated from each other and are surrounded by soft segments. When the hard segment 
content is over 25 wt. %, the polyurethane elastomer has tendency to form an 
interlocking, connected morphology [29]. The result is in agreement with other 
published AFM results, which indicated that the spherulitic structures are aggregates 
of small hard-segment domains [30]. In chapter 4, the r SAXS results show the size of 
the hard domains is about 20nm. The AFM results show that the spherulitic structure 
is an aggregate of nano-hard segment domains. 
In chapter 7, it was reported that the tensile properties were affected with increasing 
hard segment content. Hard segments act as tie points as well as reinforcing fillers. Its 
characteristic is similar to a macro-filler. With an increase of hard segment content, 
the tensile strength increases and elongation at break decreases. This indicates that the 
hard domains form an aggregated structure, the same as conventional fillers. From the 
SAXS experiments, the results show that the hard domain size is about 20nm. It was 
assumed that the polyurethane is a simple model of two phases. However, the AFM 
results imply that the hard domain structure is more complicated, which can give a 
reasonable explanation for some of the tensile results. The aggregation of small hard 
domains will make a more imperfect structure between the hard domain and soft 
segment, which causes ultra mate elongation to reduce. Figure 6.5a shows the 
distribution of aggregation of hard domains. It shows that the hard domains have a 
size distribution in the polyurethane matrix. 
Figure 6.5bB shows an AFM image of a polyurethane nanocomposite in which the 
organoclay content is I wt. %. The size of the spherulitic structure decreases after 
addition of organoclay. Normally, the domain formation arises from thermodynamic 
incompatibility [31]. The aggregation of hard segment is about super structure in 
polyurethane. Thus, its formation could be affected by organoclay. When organoclays 
are added, some soft segments intercalate into the galleries of the organoclay. The 
size amount of free soft segment should decrease. From SAXS results shown in 
chapter 4, it can be found that the long period and size of soft segment domains of the 
polyurethanes decrease after addition of organoclay. The intercalated structure should 
also affect the arrangement of hard domains in the aggregation formation process. 
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Figure 6.5bC shows a AFM image of the polyurethane nanoconiposite with 3) wt. % 
organoclay. The number of big lighter region increases, compared with tile I wt. 'Y() of 
organoclay. However, the number of small lighter regions decrease, which represent 
hard domain aggregation. From the MDSC results in chapter 4, the glass temperature 
transition of the hard segments and soft segments did not shift after addition of 
organoclay. The Tg peak position ofsoft segment can be used Im assessing tile degree 
of phase separation. If the organoclay makes some hard segment molecules enter into 
soft segment region, the glass temperature of' soft segments Should shill to .1 higher 
value. However, The MDSC results showed that the degree ofp1lasc separation is not 
significantly changed for the soft region after addition of' organoclay. So tile lial-d 
domains do not contain soft region. For the AFM results, only one explanation is 
possible. The hard domains are mixed with the organoclays. Figure 6.5h gives more 
evidence to support this opinion. With an increase oforganoclay content, tile 1111111her 
of small, lighter areas decreases. Tile big lighter areas increase. So froill tile AFM 
results, the organoclay does affect the morphology ofthese P01YUrethanes. 
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Figure 6.5b 
Tapping mode phase images of 
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Figure 6.5c shows the average size of the hard domain particles. which was alTectcd 
by the organoclay. The average size decreased by abOUt 50%, when the organoclay 
level was of 3 wt. %. The result can explain why the reintorcenicilt efTect has a 
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maximum at about 3% of organoclay content. The organoclay can cause some big 
aggregate structures with increasing of organoclay contents. From the AFM image in 
Figure 6.5b, the big structures show a tendency to form connected structure. It Could 
decrease the reinforcement effect 
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Figure 6.5c Particle size vs. organoclay content 
In chapter 5, the experimental results show the organoclay has some catalytic cl'f'cct 
on the curing process. This effect should affect the process of rnicro-phase separation, 
because the time for hard domain formation will decrease after the addition ofniore 
organoclay. Thus, the size of hard segment aggregates decrease, which caLISeS the 
material to be more hydrophilic. At the same time, some irregular particles florm in the 
curing process. These particles contribute to the of hard particle rich region, whicli 
includes organoclay, hard domain and some soft segments. III this region, some 
hydrophilic groups, such as alkylarnnioniurn lons and carbon groups In the soft 
segment, promote the more hydrophilic properties. 
6.6. Conclusions 
Surface properties of polyurethane nanocomposite were investigated by contact angle 
and AFM technologies. The two measurements technologies gave similar results. I'lic 
organoclay has obvious effects on surface properties ofthcsc polyurclhancs. 
First, the surface energy is related to the surface structure. On the polyurethane 
nanocomposite surface, there are three kinds ot'regions: organoclay-, hard domain and 
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soft segment regions. After the organoclay replaces some polyurethane chains on the 
surface, it makes the surface of the polyurethane more hydrophobic. 
Second, the soft segments consist of non-polar CH2, CH3 group. The soft segment 
have higher mobility, due to its Tg is below room temperature. The soft segment can 
migrate onto the surface of polyurethane during polymerization [10]. The organoclay 
may result in increasing the driving force, because of the intercalated structure and the 
alkylammoniurn ions in the galleries. It was found that the organoclay reduce the 
adhesive force at the surface, which partly depends on the soft segment content in the 
polyurethane. 
Third, the hard domains contain polar groups. The organoclay makes the average size 
of the hard domains decrease. From AFM images, it has been found that some hard 
domain connect with organoclay to form big, aggregated particles. This change of 
structure may be reduces the polar surface energy. The addition of organoclay causes 
these polyurethanes to be more hydrophilic. 
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Chapter 7 
Tensile Behavior of Polyurethane-Organoclay Nanocomposites 
7.1 Introduction 
Polymer-organoclay nanocomposites consist of highly anisotropic organoclay 
platelets which are dispersed in a polymeric matrix as reinforcing filler [1]. So, the 
organoclay morphology controls the reinforcement. For thermoset polymers, polymer- 
organoclay nanocomposites may be of two kinds: exfoliated or intercalated. 
Normally, the morphology depends on whether the original stacked layer structure of 
the clay is maintained after processing with the polymer. These polymer 
nanocomposites have been produced by an in-situ method. They have shown marked 
improvements in physical and mechanical properties compared with those of the pure 
resin, particularly above the glass transition temperature, because there is a nano- 
structure in one dimension in the polymer matrix, which exhibits a strong interaction 
between the organoclay and the polymer matrix [2,3]. 
Significant increases in elongation at break and tensile strength have been reported in 
polyurethane nanocomposites containing various types of layered silicate [3,4]. So 
far, the results are still difficult to explain in detail. Thus, it is necessary to do more 
experiments to understand them. To investigate the results in detail will increase 
knowledge and should lead to new kinds of polyurethane materials. 
This reinforcement is different from the effects of conventional inorganic fillers, 
which are primarily employed to reduce cost and increase stiffness, but which 
generally reduce the strength and elongation to break [5,6]. Until recently, it was 
considered undesirable to use fillers in polyurethane elastomers to improve 
mechanical properties, because the polyurethane itself shows a special phase- 
separated structure. Its macromolecules contain hard urethane segments and soft 
polyester, or polyether, segments [7]. An analogy between the function of the hard 
segment in polyurethanes and the reinforcing action of fillers in rubbers has been 
drawn [8]. These block copolymers can be regarded being as self-reinforcing. 
However, it has been found possible to improve some physical properties of 
polyurethanes by incorporating certain conventional fillers. For example, one can 
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mention the use of nickel zinc ferrite to improve dielectric and magnetic properties 
[9]. It is widely known that polymer materials have been filled with a range of 
inorganic, synthetic and/or natural compounds in order to increase heat resistance[ 10]. 
The resulting material can be seen as conventional filled polymers. These filled 
materials mostly lack a strong interaction at the interface between the filler and the 
polymer matrix. In general, macroscopic reinforcing elements always contain 
imperfections. Structural perfection is impossible to reach. 
It can be imaged that ultimate properties of reinforced polymer composite, should 
become better with decreasing filler size. When their dimensions reach atomic or 
molecular levels, it should reduce imperfect structures on the macro-scale. The 
smaller the reinforcing filler, the larger is their interface. However, it also causes 
another problem, their tendency to agglomerate rather than to disperse 
homogeneously in a given polymer matrix [I I]. This problem is a challenge for the 
development of polymer nanocomposite materials. Thus, it is necessary to find 
suitable methods for making polymer nanocomposites and to understand the surface 
properties of the nano-fillers. 
Major differences in behaviour between conventional and nano-structured materials 
result from the fact that the latter have much larger surface (or interface) areas per 
unit volume. Many important chemical and physical interactions are governed by 
surface. A polymer-organoclay nanocomposite can have substantially different 
properties from a layered dimension material of the same composition. Individual clay 
sheets are only Inm thick with a perfect crystalline structure. Because of the van der 
Waals forces between the organoclay layers, the polymer molecules can intercalate in 
to the galleries of the organoclay to form interactions on the nano-scale [12]. This is 
practicable method to get nano-structure materials. The intercalation structure should 
result in some interesting results for polymer science. 
In this chapter, the research purpose is to study the effect of organoclays on the tensile 
properties of polyurethane nanocomposites. In order to understand the nature of 
organoclay in a polyurethane matrix, the mechanical properties of polyurethane 
nanocomposites with different hard segment contents were analysed. The 
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reinforcement mechanism will be discussed in terms of interactions between the 
organoclay and the polymer matrix. 
7.2 Analysis of Filler Reinforcement in Polymers 
The reinforcing action of elastomer-filler systems has been extensively studied for 
carbon black in hydrocarbon rubbers and a mechanism of reinforcement has been 
developed by Boer and others [13]. One of the most important parameters affecting 
the reinforcing effect of the filler is the adhesion of the polymer to filler surface, 
which depends on the nature of the bonds at the polymer/solid filler-interface. These 
polymer-filler interactions lead to the formation of localized stresses at the surfaces of 
filler particles and determine the character of deformation and the break down of the 
filled polymer. Theoretical treatment of reinforcement is difficult in the case of 
carbon black due to the complexity and the inhomogeneity of its surface and the 
resultant large difference in energy of adsorption at different sites on the surface [ 14]. 
Filler size effects are observed in both filled clastomers and filled polymers [15]. 
However, the mechanisms are not fully understood. Micromechanical treatments do 
not predict an intrinsic size effect [16]. The volume fraction is the only relevant 
variable at low filler concentrations. There is a tendency for the fillers to form some 
sort of "weak structure" when the filler size becomes very small, although the exact 
nature of this structure is not clear [17]. The reinforcement effect is, thus, mainly due 
to the development of a percolating effect network by the filler particle. However, the 
addition of the fillers within a polymer matrix can lead to the formation of a modified 
polymer layer at the vicinity of filler surface: the so-called inter-phase. The 
mechanical properties can be improved by enhancement of this interphase [ 18]. 
Polyurethanes have a special morphology, so they are a class of polymer material with 
some excellent properties. Generally speaking, the hard segments play a very 
important role. The hard segments in polyurethanes can be regarded as "fillers". 
These hard segments are considered to be held together in discrete regions by the 
action of van der Waal's forces and hydrogen bonds. These interactions will occur at 
the domain-matrix interface [ 19]. So, it is also necessary to consider the effect of hard 
segments when the organoclay effect is studied in polyurethane nanocomposites. 
These two types of fillers maybe affect each other in the polyurethane matrix. Thus, it 
is a fact that the development of nanocomposite technology presents many scientific 
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challenges. A better furidarriental understanding, and the ability to predict. is very 
important in accelerating this development of the technology. 
7.3 Effect of Hard Segments on Mechanical Properties 
Segmented polyurethanes can be regarded as inulti-block copolymers composed of 
hard and soft blocks. Because of the thermodynamic incompatibility of' these two 
blocks, microphase separation occurs [ 19], which result in a domain morphology 120 1. 
The hard segments form a pseudo-crosslinked physical network, which is largely 
responsible for some of the attractive mechanical properties. The soft segments create 
soft regions, which impart the elastic properties to the material. 
Thus, the physical properties of polyurethanes are derived from their Molecular 
structure as well as from the supra-molecLilar structure caused by interactions between 
the polymer chains. Segmental flexibility. chain entanglement, the intercliain l'orces 
and cross-linking are all factors that inflUence the properties and determine the use of 
the end-products [2 1 ]. 
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Figure7.3a Strength at break versus hard segment content 
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Figs 7.3a and 7.3b show that the stress at break increases and strain at break decreases 
with an increase in hard segment content. The tensile strength increases by about 3) 
times, when hard segment content increases from 18 to 36wt%. At same time, the 
elongation at break decreases by about 30%. As the percentage of hard segment 
increases. the intermolecular attraction between hard segments increases due to 
hydrogen bonding between the -NH and -C=O groups of the hard segments. This 
results in an increase in stress and a decrease iri strain properties 1221. Frorn the point 
of view of the hydrogen-bonding index, which is ail indication of' the degree of 
hydrogen bonding of the carbonyl groups, it increases with increasing hard scgilient 
content [23]. The results show that the hard domains have some negativc eff , ects Oil 
polyurethane materials do conventional fillers, due to the aggregation of' hard 
domains. The aggregation may form voids between the hard domain and sol't regioll, 
which may induce the stress concentration. This causes the elongation at break to 
decrease. However, the more hard-domains the more interaction there is between hard 
domain and soft region. So, hard domain can enhance strength at break. 
7.4 Effect of Organoclay on Mechanical Properties 
7.4.1 Effect of Organoclay on Strength at Break 
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Figure 7.4.1a Tensile strength versus elongation with different clay contents. 
Figure 7.4.1a shows the effect of organoclay on mechanical properties of these 
polyurethanes, synthesized from HMDI/BDO/PPO. The organoclay improved 
strength and elongation at break. The hard segment content ofsarnple is 14 wt. %. It 
is a flexible polyurethane material. Its hardness is Shore A 35. After adding 1 wt. % 
organoclay, the tensile strength increases about 2.5 times and elongation also 
increases about 2.5 times, compared to the corresponding with pUre polyurethane. 
This result indicates a new method to get high performance from polyurethane 
materials. 
There is a great difference between organoclay and conventional fillers. The 
organoclay is a modified montmorillonite, with, adsorbed long-chain alkylanullonlurn 
ions as the compatibility agent in the galleries. According to the experimental results 
in chapter 4, some polyurethane chains intercalate into these galleries. The 
intercalation increases the surface area between the organoclay gallery and 
polyurethane, which results in the enhancement of interaction between the clav and 
polyurethane chains. These increased interactions are responsible for tile improvement 
of the tensile strength of the polyurethane nanocomposites. simultaneous 
enhancement of tensile strength and elongation at break occurs in this polyurcthanc 
nanocomposite. The results show good agreement with other poly urethane 
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nanocomposite systems studied by Pinnavia [3]. However, Pinnavia [3] did not 
consider the hard segment effect. Tbus, his results are incomplete in term of 
explaining the reinforcement effect of organoclays. It is essential to develop an 
understanding of the property-structure relationship in polyurethane nanocomposites 
with hard segment. It is known that the pure polyurethane has good mechanical 
properties [19]. The particular properties of these polymers are directly related to this 
two-phase microstructures. 
Figs 7.3a and 7.3b have show that the hard domain is a reinforcing element. So, it is 
necessary to study the effect of hard domains on polyurethane nanocomposites. For 
this reason, a series of polyurethanes with different hard segment content have been 
prepared, in which the system was composed of MDI/BDO/PPO. Because the MDI 
has a higher reactivity than the HMDI system, this system can be used easily to 
prepare samples of polyurethane nanocomposites with higher contents of hard 
segment. On other hand, the stress-strain properties of MDI-based polyurethanes are 
almost the same as these of HMDI-based polyurethanes [23]. 
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Figure 7.4.1b Stress at break versus organoclay content for samples with 
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Figure 7.4.1e Stress at break versus organoclay content for the PU 
nanocomposites with H wt. % 36 
Figures 7.14b to 7.14e show that organoclay has an obvious reinforcing effect in these 
polyurethanes with different hard segment contents. Hard segment content were 18%, 
26%, 32% and 36%, respectively. The results of the tensile tests indicated that 
organoclay has a reinforcing effect in MDI-based polyurethanes similar to the results 
as that in HMDI-based polyurethanes. 
In polyurethane nanocomposites, some polyurethane molecules enter the galleries of 
the organoclay. This structure is similar to a sandwich of soft phase/hard phase/soft 
phase structure. It may absorb some energy during a stretching process. It must be 
recalled that these materials do have a lateral dimension on the nano-scale. It is 
possible that these may enhance mechanical properties. On other hand, the Tg of soft 
segment is below room temperature. So, the polyurethane molecules may slip on the 
surface of organoclay, when the polyurethane is stretched. The intercalated structure 
can be regard as an entanglement point. This network structure should increase the 
tensile strength. In a word, the interactions between the organoclay and the 
polyurethane molecules increase the tensile strength. 
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7.4.2 Effect of Organoclay on Elongation at Break 
From Figures 7.4.2a to 7.4.2e, it can be seen that the organoclay can improve the 
elongation at break of these polyurethanes. In this experiment, all polyurethane 
samples involve hard segments, which consist of the urethane groups derived from the 
isocyanate and the butanediol components. When adding 3 wt. % of organoclay, the 
elongation at break increases about 1.5 to 2 times, compared to the pure polyurethane. 
The compatibility agent in the galleries has plasticize function [3]. There are 
alkylammonium ions on the surface of the organoclay. 
From these results, it has been found that organoclay can improve elongation at break 
of polyurethanes in samples with different hard segment contents ranging from 14 
wt. % to 36 wt. %. When the organoclay content is 3 wt. %, the elongation at break 
represents the maximum point in the different polyurethane systems. Normally, the 
soft segments influence the elastic nature of the polyurethane. So, the results show 
that the interaction between the organoclay and the soft segments can play a key role. 
There are two opposite effects of organoclay on the soft segments. One is the 
interaction between the organoclay and the soft segments. This makes polyurethane 
chain segment movement decrease. The other is the plasticising effect of the 
alkylammonium ions. So, an organoclay content of 3 wt. % may be a balance point. 
The final result depends on the both factors. However, the intercalated structure has a 
special nature which provides a favourable environment for segment dynamics. As the 
gallery distance is several nano-metres, the hard domains should not form in the 
galleries. From SAXS results, the size of hard domains is about 20mn. Thus, the 
polyurethane molecules in the gallery can slip and disentangle more easily than that in 
bulk regions. So, the elongation increases after addition of organoclay. 
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7.4.3 Effect of Organoclay on Young's Modulus 
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Figure 7.43a Young's modulus versus organoclay content for the 
polyurethane nanocomposites. 
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On the viscoelastic behaviour of block copolymers and elastomers, tile most 
interesting features are tile unusually high modulus of the rubbery plateau. Holden 
described this phenomenon to the existence of entanglement crosslinks between the 
elastomer chains and the filler effect of the hard domain. He proposed a model to 
explain the elastic modulus of block copolymers [24]. Tile filler volume fraction is 
related to the modulus of polymer composite. 
Botti [ 16] reported that the elastic properties of conventional composites, expressed 
by the reinforcing factor f= EfiIIer/E,,, fijj, d , is not just the surn of tile elasticity of' tile 
polymer and the stiffness of the filler, but is tile result ofa complex synergy ofseveral 
effects [16]. The polyrner-polymer interaction is mainly responsible for tile elastic 
behaviour through the chemical nature of the polymer network chains. This 
contribution is the unfilled modulus. Tile so-called hydrodynamic contribution for a 
filled rubber is similar to the increase of the viscosity. 
, 
fj,, = 1+ (2.5)0,,,, +14 102"11 (Equation 7.1 
The polymer-filler interaction is correlated to the adhesive properties of the filler 
surface. f,, is the reinforcing factor which is larger than 1. Normally, tile nonlinal 
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volume fraction, 0 is increased by the immobilized polymer to the value Off . The 
filler - filler interaction leads to the formation of aggregates or clusters, which are 
organized in a second network, which interpenetrates the soft chemical network of the 
chains. The effect is known as the Payne effect and is non-linear [25]. 
According the equation, the filler can enhance the modulus of polymer. However, the 
experimental results show that the polyurethane nanocomposites do not obey the 
equation. Thus, it is necessary to analysis the phenomena ftniher. In this experiment, 
the Young's modulus is obtained from initial part of the stress-strain curve. The initial 
part of the curve is attributed to deformation and yielding of the hard segment phase. 
From Figures 7.4.3a and 7.4.3b, addition of organoclay causes the polyurethane, 
modulus to decrease. It is obvious in the sample with low hard segment content. The 
results indicated there could be a slipping of the polyurethane chains in the initial part 
of the stress-strain curve. Figure 7.4.3a (14 wt. % hard segment) shows this tendency 
more clearly. With increasing the organoclay content, the Young's modulus decreases 
initially, and then recovers to about the value obtained from the pure polyurethane. 
The result suggests that this organoclay has a different effect from conventional 
fillers. 
From the TEM image of the polyurethane nanocomposite, see Figure 4 in chapter 4, it 
was discovered that the size of the organoclay primary particles is about 200nm. The 
gallery spacing is about 4nm in the polyurethane nanocomposite. The gallery distance 
of the original organoclay is about 2.3rim. This polyurethane is based on a polyether 
polyol as the soft segment, which has a molecular weight of about 6000. The chemical 
structure can be represented as PPO-EO. The C-C bond distance is 0.1 54mn. The C-0 
bond length is 0.11 nm [26]. The maximum extended length of a polycther polyol 
chain is about 30 nin by theoretical calculation. Therefore, it is impossible that one 
polyether polyol molecule can intercalate a gallery from one side to the other. The 
polyurethane nanocomposites were prepared by the in-situ method. First, the 
organoclay was swollen by the polyether polyol to form a stable mixture. It is that 
several polyether polyol molecules can enter each gallery. When the isocyanate and 
extender are added, the reaction happens in the intra-gallery and the extra-gallery 
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spaces. The polyurethane chains in the galleries must include the soft and hard 
segments. The intercalated clay phase is embedded in a cross-linked polyurethane 
network. Unique stress-strain behaviour was obtained for the polyurethane 
nanocomposites. The polyurethane chains in the galleries behave somewhat 
differently from the polyurethane chains in the bulk. The gallery is a confined 
environment. This structure restricts the conformation of the polyurethane hard 
domains. Chain entanglement is perhaps reduced. On the surface of the organoclay, 
there are alkylammoniurn ions acting as a compabilizing agent, which has a 
plasticizing effect [3]. So, the polyurethane chains in the galleries have higher 
mobility than those outside the galleries. When the polyurethane sample is stretched, 
the polyurethane chains in the galleries should slip more easily than these on surfaces 
of the organoclay. It should cause make modulus decrease, or at least no increase. 
There are two kinds of hard phases in polyurethane nanocomposites. One is the hard 
domains, and the other is the organoclay. At low content of hard segments, the 
organoclay decreases the polyurethane modulus more obviously, because the 
organoclay should suffer load in the initial part of stress-stain curve. The soft 
segments intercalated into galleries should slip more easily than those on the surfaces 
of the organoclay. When the organoclay is at 3 wt. %, the polyurethane has the lowest 
value of Young's modulus. 
Figures 7.4.3a and 7.4.3b also show that the organoclay can cause the modulus 
decrease. However, with increase in hard segment content, this effect becomes weak. 
When the hard segment content is 32% or more, the modulus of the polyurethane 
nanocomposites recover to the value of the pure polyurethane. This means that hard 
segments can restrict soft segment mobility. When the sample has high hard segment 
content, the organoclay should suffer less of a load in the initial part of stress-strain 
curve. So, at low strain, the soft segments cannot slip on surface organoclay. 
7.4.4 Effect of Organoclay on Hardness 
Hardness measurement is a simple, inexpensive and fast test method used throughout 
the rubber industry. The method can be used to confirm the results of Young's 
modulus. Hardness is a measure of the elastomer resistance to deformation when a 
force is applied to a rigid indenter. The hardness test is somewhat crude and measures 
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only very limited deformations that may not be related to end product application, but 
it is a quick and simple method of detecting gross differences in cured compound 
properties [27]. 
At low organoclay content (below 5 wt %), it is also observed that for the 
polyurethane nanocomposites with organoclay the increase in hardness is very smaller 
than experimental errors. The experimental results can be explained by tile 
morphology of polyurethane nanocomposite. The organoclay could make intercalated 
polyurethane molecular. which is as the same as entanglement, not as chemical 
crosslink points at ImN deformations. Thus. the organoclay did not increase tile 
hardness of the polyurethane-organoclay nanocomposites. 
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Figure 7.4.4 1 lardness versus organoclay content for the polyurethane 
nanocornposites with different hard segment contents. 
Figure 7.4.4 shows the results of the hardness measurement. The test error is f2. It 
was found that the hardness does increase with increase of hard segment coritcrit. For 
these polyurethane nanocomposites. the hardness is not significantly changed with 
increase of organocIaN content. This indicates that the organoclay has no significant 
influence on the polyurethane chain movements at these low organoclay contents. 
7.4.5 Comparison between Organoclaý and Conventional fillers 
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The influences of conventional rigid fillers on the stress-strain behaviour of polymers 
are well known, at least for fillers in the size of micrometres and larger. Micro-fillers 
commonly increase the stiffness. On the other hand, they may have a detrimental 
effect on the strain at break [28]. The strength of a micro-particle filled polymer is 
known to reduce with rising filler content [29]. However, the result measured for the 
polyurethane nanocomposites in this study offers an apparent conflict with this known 
behaviour of conventional fillers. 
Some important characteristics of composites have to be considered in order to 
explain this phenomenon. The quality of the interface in composites, i. e. the static 
adhesion strength, as well as the interfacial stiffness, usually play very important roles 
in the materials capacity to transfer stresses and elastic deformation from the matrix to 
the filler [30]. This is especially true for nanocomposites, because they have a high 
portion of interface. If the filler-matrix interaction is weak, the particles are unable to 
carry any part of the external load. In that case, the strength of the composite cannot 
be higher than that of the pure polymer matrix. 
For conventional composites, the strain at break usually declines with rising filler 
content. Low filler loading can already cause a dramatic drop in the fracture strain. 
One has to recall that the composite is part filler and part matrix. Due to the rigid 
nature of the fillers, most of the deformation comes from the polymer. The actual 
deformation experienced only by the polymer matrix is much larger than the 
measured deformation of the sample, with the result that the polymer reaches the 
failure strain limit at a lower total deformation. More conventional fillers also 
introduce more voids between the filler particles and the polymer matrix. This causes 
stress concentration. Hence, the total composite strain-at-break decreases. 
However, it is surprisingly observed for the polyurethane nanocomposites in the 
present study that the strain-to-break behaves contrary to conventionally filled 
composites. It tends higher values. This increase suggests that the nanoparticles are 
able to introduce additional mechanisms of failure and energy consumption. Without 
blocking the matrix deformation, particles may induce matrix yielding under certain 
conditions. It may, finthermore, prevent crack growth, due to the clay platelets having 
a big aspect ratio [3 1 ]. 
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Nevertheless, if the organoclays exceed 3wt. %, the failure stain undergoes a slight 
decrease. This can be explained by the fact that the larger number of filler particle 
now dominates, and they reduce the matrix deformation by restraining it 
mechanically. Another important aspect, which is more related to the dispersion state 
of the nanoparticles, may, additionally, play a significant role. For the case where 
relatively large agglomerates remain in the matrix, a propagating crack could 
encounter a stress concentration locally and then easily induce the initiation of the 
final failure. Obviously, embrittling effects occur only at higher filler contents, where 
more agglomerates are likely to be found. The improved properties at lower filler 
contents, on the other hand, testify to lower stress concentrations. The remaining 
nanoparticle clusters should be small. This demonstrates the importance of a 
homogeneous distribution of nanoparticles within the matrix [32]. 
7.5. Hysteresis of Morganoclay nanocomposite 
Elastomer hysteresis is defined as energy dissipation in heat form [33,34]. When the 
elastomer is tested to determine the relationship between the force on elastomer and 
its stretch, including stretching and un-stretching, the force curves of the elastomer are 
not on the same path when stretching and un-stretching. It is clear from the force 
curves that elastomers are not truly elastic materials. This force curve difference is 
also said to be a hysteresis loop, and the curve area between the two curves represents 
lost energy. 
The Hysteresis experiment is a simple method to analyse the nature of a polymer [35]. 
The energy lost for internal friction contribution. An elastomer is composed of long 
chains of randomly oriented molecules. These long chains exhibit to entanglements 
and crosslinking, which have a sufficient impact on their viscoelastic properties. 
When the elastomer is stretched, there are internal rearrangements, such as chain 
segment orientation and disentanglement. These processes cause energy loss, because 
the interaction between chains is a form of internal friction, which can transfer 
mechanical energy to heat energy. Thus, the hysteresis experiment can supply some 
information about structure. When fillers are added to rubbers, normally, the fillers 
cause more energy dissipation, due to the interaction between the filler particles and 
rubber matrix [35]. In this experiment, the organoclay as a nanofiller was added into 
POIYurethane. 
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7.5.1 Hysteresis with Different Strains 
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Figure7.5.1 Hysteresis curves for the pLire polyurethane: Elongation 50% 
100% and 200% 
The hysteresis is a measure of the energy lost 1361. The stress-strain behaviour 
observed upon deformation typically includes a significant strain energy contribution 
and the area enclosed by the hysteresis loop corresponds to the dissipatcd energy for 
each cycle. For any given cycle (n), the dissipated energy is given by the following 
equation. 
AE(n) = 
J(Tdc (EqUation 7.2) 
AE is the dissipated energy, a is stress and c is strain. 
Table 7.1 Dissipated energy for the three di filerent cycles for the pure polytirethane 
Elongation (%) 50 1 100 200 
AE (mJ/rnrn 3 0.041 0.130 0.435 
Figure 7.5.1 shows that the loop area increases with increase in strain. This sample is 
the pUre polyurethane. which was based on MDUBDO/PPO with 26wt. 'VO hard 
segment content. For polyurethanes containing no filler, there is very high hysteresis. 
They have an interphase in polyurethane, which contains hard domains and sol't 
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regions. The hysteresis can be partly caused by the breakdown and relormation ofthis 
interphase morphology. Rapidly repeated deformations can cause considerable 
hysteresis energy to be created, which must be dissipated as heat. The rise in 
temperature (heat built up) may even result in thermal degradation. Frorn the 
experiment results, the dissipated energy increases with increase of strain. 
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Figure 7.5.2 Hysteresis curves for pure polyurethane. Cycle: 1,2,3, and 4 
Table 7.2Dissipated energy for different number of cycles ofthe pure polyurethane, 
to an elongation of 200% 
Cycle number I 4 
AE (Mj/MM3) 0.587 0.479 0.436 0.422 
Figure7.5.2 shows the experimental stress-strain curves Ior loading and unloading 
cycles 1,2,3 and 4 respectively. The dissipated energy decreases with increasing 
cycle number. The result indicated that irreversible changes had taken place, arising 
from the orientation and rearrangement of the hard domains. The sample is again a 
pure polyurethane with 26 wt. % hard segment. This material may be considered as a 
two-phase material. During each loading, the polymer absorbs energy. Oil unloading, 
some energy is returned. The first large decrease is explained by orientation of hard 
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domains and morphology damage. After the first cycle, damage may be the result of' 
further breakdown, but at a slower rate over the remaining cycles [37]. 
7.5.2 Effect of Organoclay on Hysteresis. 
Figure 7.5.3) shows that the dissipation energy increases with increase of organoclay 
content. One possible explaining for this increase would be that, under tension, 
molecular segments adsorbed on the organoclay surface could move on this surface, 
dissipating the energy related to the imposed tension. As a consequence of this 
movement or slipping process, the tension could be redistributed to the other 
molecules. The energy loss during extension increases as the reinforcing filler 
concentration increases. 
30- 
5% 
25 3% 
MOUBDO 
BASF2090 
20- H%26 
IL cycle4 
Isollo 
05- 
C, 
00 
00 02 04 06 08 10 12 14 16 18 20 22 
Strain 
Figure 7.5.3 Hysteresis curves t1or the PU nanocomposite with I'Vo, 3% and 
5% organoclay, 
Table 7.3 Dissipated energy of the polyurethane nanocomposite with different 
organoclay contents, with H% 26 
Clay content(wt%) 0 1 3 5 
AE (mJ/mm 3 0.435 0.523 0.567 0.693 
When polymers are stressed. the disentanglement processes are the primary cause of' 
the resistance to deformation. This leads to substantial unrecoverable work of' 
deformation and heat building [38]. There is an interaction between organoclay and 
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the polyurethane matrix. Some molecules enter the organoclay galleries. There are 
two kinds of interaction between organoclay and polyurethane matrix. One is the 
interaction between the alkyamminum ions and polyurethane molecules. The other is 
the interaction between the surface of the organoclay and the polyurethane molecules. 
When the applied stress is removed, the molecules should recover to the initial state. 
However, as viscoelastic materials, polyurethane molecules must transfer some 
mechanic energy to heat by internal friction. So, the polyurethane nanocomposites 
show higher hysteresis than the pure polyurethane. 
7.6 Conclusions 
The polyurethanes were prepared by the in-situ method. With increasing hard segment 
content, the strength at break increases, and the elongation at break decreases. For this 
polyurethane system, the organoclay has an obvious reinforcement effect. The tensile 
strength and elongation at break of the polyurethane nanocomposites were found to be 
higher than that of pure polyurethane. The results show that there are interactions 
between the organoclay particle and polyurethane matrix. At low content of 
organoclay, the hardness of polyurethane shows no significant change. These results 
are useful in improvement of some polyurethane products, such as polyurethane 
leathers and fibres. The modulus results provide new evidence that organoclays can 
have some plasticizing effects. Addition of organoclay lower than 3% makes the 
modulus decrease. Then, the modulus increases with increase of the organoclay 
content. With increasing of the organoclay content, the dissipated energy increases for 
these polyurethane nanocomposites. 
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Chapter 8 
Dynamical Mechanical Behaviour of Polyurethane-Organoclay Nanocomposites 
8.1 Introduction 
8.1.1 Dynamic Behaviour of Polyurethanes 
Dynamical behaviour is very important for polyurethane materials. In many 
applications, the overall performance of polyurethane elastomers is governed by their 
dynamic behaviour. For example, damping determines the transmission of vibrations 
through materials. The viscoelastic nature is associated with the energy dissipation. 
When the material is subjected to sinusoidally oscillating stress, some of the energy 
impute is stored and recovered in each cycle, and some is dissipated. Studying 
viscoelastic behaviour is a very effective way to understand this aspect of the nature 
of polymers [1]. 
Dynamical mechanical thermal analysis (DMTA) detects transitions associated with 
segment motion in polymers. The technique involves measuring the storage modulus, 
loss modulus and ratio of loss modulus to storage modulus. The change in the 
modulus with temperature is introduced in the DMTA experiment. In general, moduli, 
as well as damping, change dramatically during a secondary transition. Dynamic 
mechanical analysis is also helpful in determining the effectiveness of reinforcing 
agents and fillers used in thermoset resins [2]. 
8.1.2 Application of DMTA Technology to Polyurethane Nanocomposites 
The samples are subjected to a strain, which varied in a sinusoidal manner with time, 
and the resultant response of the sample in terms of storage modulus and loss modulus 
ware investigated over a range of different temperatures. Such tests have the 
advantage that the measurement may be taken at different frequencies [3]. For an 
elastic body, both the stress and the strain are in-phase. However, for a viscoelastic 
body, the viscous component will cause energy loss (dissipation) and the stress and 
strain will be out-of-phase with each other by the phase lag angle. Loss modulus is 
representative of the energy lost, or the viscous character of the material. It is the ratio 
of the out-of-phase stress to that of the strain. The storage modulus is representative 
of the energy stored, or the elastic character of the material. It is the ratio of the in- 
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phase stress to that of the applied strain. The relevant equations are shown in chapter 
3 [4]. 
Much of the recent attention in polyurethane nanocomposite research has been 
directed towards the use of organoclays [5]. Polyurethane nanocomposites exhibit 
improved performance properties compared with pure polyurethanes. The organoclay 
becomes a unique phase in such polyurethane nanocomposites with interfacial contact 
between the organic and inorganic components. The special nano-structure enhances 
interfacial properties and leads to reinforcing effects. Pure polyurethane samples have 
been investigated by DMTA [6]. However, theoretical and experimental studies are 
incomplete concerning the dynamic mechanical behaviour of polyurethane organoclay 
nanocomposites. The information on the viscoelastic properties of such materials is of 
interest as this can lead to better understanding of a polyurethane nanocomposite. 
The mechanical properties of polyurethane nanocomposites have been obtained from 
stress-strain experiments in chapter 7. The organoclay can improve the mechanical 
properties [5], including elongation at break and tensile strength. However, it is 
difficult to explain the relationship between properties and structure only from the 
tensile experimental results. The study of dynamic mechanical properties should give 
more detailed information about the nature of there polyurethane nanocomposites. 
8.1.3 Aims of the DMTA Experiments 
For their potential applications, polyurethane-organoclay nanocomposites are unique 
model systems to study the dynamic behaviour of polymers in the confined 
environment of organoclay galleries. Generally, the dynamic and static behaviours of 
confined polymers are fundamental aspects of many industrially important fields (7]. 
From TEM and WAXD results, the organoclay galleries form an accessible two- 
dimensional space. In three dimensions, it is known that for long-chain polymers there 
is significant overlap between molecules. However, in two dimensions it has been 
suggested that different chains would only overlap slightly [7]. Therefore, the 
conformations of the polymers within the host galleries are expected to be different 
from those observed in the bulk. This is not only due to the confinement of the 
polymer chains, but also due to specific polymer-surface interactions. Normally, these 
characteristics of chains in galleries cannot be observed. 
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In this chapter, the aim is to investigate the effect of organoclay on the dynamic 
mechanical properties of polyurethane nanocomposites. The effect of hard segment is 
also studied, because the hard domains act as reinforcing fillers. SAXS result shows 
that the size of hard domain is about 20nm. So, these two reinforcing factors should 
be studied together in polyurethane nanocomposites. 
8.2 Principles of Dynamic Structure-Property Relationships 
The dynamic mechanical properties of polymers are strongly influenced by their 
internal structure, including chemical composition and the polymerisation conditions 
[8], and morphology. The importance of determining the dynamic mechanical 
properties of polymers and composites can be illustrated by outlining the various 
aspects of material structure, or behaviour, to which the dynamic properties are 
related and the range of applications for which dynamic data are directly relevant [8]. 
From the view of point of molecular movement, the E" maximum and the 
corresponding inflection point in the E, modulus curve are observed when the test 
frequency equals some average molecular motional frequency. 
Over a very wide range of temperature, polymeric materials usually exhibit more than 
one relaxation region, or so-called 'transition'. They are related to the physical and 
chemical structures. It is often possible to postulate the nature and location of the 
motional groups responsible for a given transition [8]. Normally, there are three 
regions of mechanical behaviour which can be distinguished, including a glassy 
region, the glass-rubber transition region, a rubbery plateau and flow or terminal 
region. 
In the glassy state, the amorphous chain conformations are frozen into a rigid network 
yielding a high modulus and low loss behaviours. Some limited movements either 
within the main chain, or within side groups attached to the chain, are possible and 
often give rise to one or more secondary transitions of low magnitude [8]. The glass- 
rubber transition marks the onset of the long-range motions of amorphous polymer- 
chain segments and is characterized by a very large drop in modulus and by a 
pronounced loss-factor peak. In the rubbery plateau region the modulus of 
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permanently crosslinked rubbers is proportional to the degree of crosslinking and 
filler particle content [9]. Crystallites and hard inclusions can substantially increase 
the rubbery modulus, partly due to an effective crosslinking, and partly due to 
modification to the stress distribution in the rubber matrix [9]. In the flow region, the 
amorphous chains undergo net motions. Chain slippage cannot occur for crosslinked 
networks and the flow region disappears [9]. The DMTA can provide information on 
the glass transition, phase separation and the mechanical behaviour in general [10]. 
8.3 Dynamic Mechanical Properties of Polyurethanes 
In order to understand the dynamic properties of polyurethane nanocomposites, it is 
essential to investigate the pure polyurethane first. For polyurethanes, DMTA is an 
effective technology for measuring the change in modulus versus temperature, 
including storage modulus and loss modulus. Figure 8.3. a shows the results for the 
DMTA storage modulus. This polyurethane sample was based on a MDI/PPO/BDO 
formulation. The hard segment content was 36%. It is a typical block copolymer. 
With increasing temperature, logE' was a sharp drop in the glass transition region 
from -50 to OC. The storage modulus curve shows three main zones, including the 
glassy region (400 to 50'C), the glass-rubber transition (-50 to O'C) and rubbery 
region to I 000c). 
At low temperatures (less than -500C), the modulus of polyurethane is of the order of 
109*5 Pa, a typical value for polymer glasses. The storage modulus does not vary much 
with increasing temperature, because of the lack of movement of the polyurethane 
chain segments below the glass transition. In this glassy region, the thermal energy is 
insufficient to surmount the potential barriers for translational and rotational motions 
of the soft segments of the polyurethane molecules, because chain segments are 
frozen. The glass transition region is attributing to molecular mobility of the soft 
segments [6]. In the glass transition region, the polymer has short-range diffusional 
motion along with micro-Brownian motion [8]. Segments are free to move from one 
lattice site to another and become soft and rubbery. Mechanical property changes 
occur in the neighbourhood of Tg. The modulus in this rubbery region is about 107. 
The storage modulus changes about two orders of magnitude from the glass to the 
rubber regions. Then, the logE' curve showed that there is change until I 00"C. There 
194 
Chapter 8: Dynamics Mechanical Behaviour of PU Nanocomposites 
is a decrease in the storage niodulus above Tg of the soft segments. The modulus 
changes between the glassy and the rubbery states, due to the motions of tile 
molecular chains Nvith increasing temperature. The thermal energy becomes 
comparable to the potential energy barriers to segment rotation. The hard domains 
undergo thermal decomposition with increase of temperature, because the hard 
domains are formed by hydrogen bonds interactions between hard segments [I I]. 
With increase of temperature, the degree of hydrogen bonding decreases. Another 
change also is associated with the breakdown of hydrogen bonding between hard 
segment urethane groups and the ether-oxygens of tile soft segment [12]. For 
temperatures higher than I OOT, the behaviour of the polyurethane cannot be obtained 
from the experiment because of the loss of dimensional stability of the polyurethane 
sample [13]. Three-part bending mode was used in this experiment: It was found that 
data can not be collected after the samples become very soft. 
From Figure 8.3b, the loss modulus has a glass transiting peak at-40T. The maximum 
heat dissipation per unit deformation occurs at this temperature. In tile glass transition 
region. the damping is high owing to the initiation of micro-Brownian motions of 
chain segments. Some ofthe molecular chain segments are free to move, while others 
are not. When a frozen-in segment becomes free to move, its excess encrgy is 
dissipated as heat. Micro-Brownian motion is concerned with the cooperative 
diffusional motions of' main chain segments. The results are in agreement with tile 
I iterature [ 14] 
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From Figure 8.3c, the loss factor tan8 (E"/E') curves showed one clear relaxation 
transition (-30'C), which is the glass transition of the soft segments. The loss factor 
can be used to study Tg and phase separation because it is most sensitive to the 
molecular motions 
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8.4 Effect of Organoclay on the Dynamic Mechanical ProPertics of the PU 
nanocomposites 
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Figures 8.4a and 8.4b show the relationship between storage modulus and the 
temperature for the polyurethane nanocomposites with different organoclay contents. 
It is apparent that the storage modulus, E', of the polyurethane nanocomposites 
increased with increasing organoclay content. The storage moduli of the composites 
were higher than that of pure polyurethane throughout the whole temperature range, 
particularly in the rubbery plateau region. This is because there are an interaction 
between the organoclay and the polyurethane chains, which is favourable to the 
enhancement of the composite's mechanical properties. When the content of 
organoclay is high, the interaction between the organoclay and the polyurethane 
chains are enhanced. 
From Figures 8.4a and 8.4b, it can be seen that the organoclay has no obvious marked 
influence on the storage modulus from -80'C to O'C- The temperature range includes 
the glassy and the glass transition regions. In the glassy region, the molecular chains 
are frozen. Some polymer chains in the organoclay galleries have the same state as 
those out of the galleries. So, the storage modulus shows no change with increase of 
organoclay content. In the glass transition region, the storage moduli do not change 
with the increase of organoclay. The result can be explained by the following reasons. 
One is that the organoclay content is below 5%. Organoclay, at low content, has a 
limited contribution to the storage modulus. The second reason is that organoclay has 
no effect on polyurethane chain movements in this range of temperature. So, in the 
glass transition region, organoclay has no obvious influence on the storage moduli. 
In rubbery region, the storage modulus increases with increase of organoclay content 
shown in both Figures 8.4a and 8.4b. The results can be explained by the interaction 
between the organoclay and the PU chains. Some chains are intercalated into the 
organoclay galleries. This results in surface adsorbed polymer segments serving as 
chain conformation trapping points, and leading to "trapped entanglements" [15]. 
These trapped entanglements influence a large number of chains due to "entanglement 
coupling", impeding the mobility not only of the polymer segments in direct contact. 
Thus, the surface interactions are not confined to a surface-bound layer, but rather 
exhibit a far-field effect. So, the organoclay increases the storage modulus over the 
temperature of glass transition. It is a region in which substantial alterations in matrix 
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mobility and stiffness are generated by the trapped segments on the organoclay 
surfaces. 
Figures 8.4c and 8.4d when chains segments move on the surface of organoclay, this 
leads an internal fraction, which dissipates energy [16]. The dissipation effect 
increased with the increase of organoclay content. While the two effects cannot be 
separated in this experiment, it is convenient to view the increase in storage modulus 
as the result of interactions between organoclay and polyurethane matrix, and the 
increase in loss modulus from the internal friction in interphase. The result shown in 
Figures 8.4c and 8.4d indicate that the loss modulus increases slightly with increase in 
the organoclay content. It can be explained that there may be an interphase between 
the organoclay and the polyurethane chains. This indicates that this interphase can 
transfer effectively the stress from the matrix to the organoclay particle without great 
energy dissipation. 
TanS data for the polyurethane nanocomposites was shown in Figures 4.4.3 and 4.4.4 
in chapter 4. The peak of the tan5 curve corresponds to the Tg. The tan5 peak position 
is not changed with increase of organoclay. The organoclay did not restrict soft 
segment movement [17]. The half width of Tg peak did not obviously increase. This 
indicates that the organoclay has little effect on the phase separation of the 
polyurethane. Motion of long-chain segments in polymer structures has a profound 
effect on the loss factor. Normally, when the polymer molecules are confined in small 
spaces they can behave dramatically different than that in the equivalent bulk [18]. 
The chain conformations are substantially deformed due to geometric constraints. The 
polymer chains are also affected by the interactions between the organoclay and the 
polyurethane chains [ 19]. When the soft segment chains intercalate into the galleries, 
the chain mobility should be affected. 
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In Figure 8.4g, the theoretical values were calculated by the following equation. [20], 
tan6pu-nanocomposite = tan 6p,, ýX (Equation 8.1 ) 
Tan6pu-nanocomposite and tan6p,, are the loss factor values of the soft segment in 
polyurethane nanocomposite and in the pure POIYUrethane, respectively, and X is tile 
weight fraction of organoclay. In both the theoretical and experiment curves, the loss 
factor values decrease with increasing oforganoclay content. Normally, this is caused 
by the decrease of the POIyUrethane concentration in the polyurethane-nanocornposite. 
However, the experimental values of loss factor were lower than the theoretical ones. 
The theoretical equation only considers the volume effect of tile orgalloclay. The 
difference between theoretical and the experimental results call be explained by 
interactions between the organoclay and tile POIyUrethane matrix. 'File molecules in 
the galleries are in a confined condition. The result shows ail increase ill the elasticity 
of the soft segments of' the polyurethane, as a consequence of the presence of rigid 
organoclay particle. So, the loss factor decreases, which is ill inverse proportion to the 
storage modulus. 
DMTA can provide information about the extent of molecular mixing resulting from 
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changes of transition temperature and shifting and broadening of the transition region 
[21]. Figures 4.4.3 and 4.4.4 show the dependence of tile loss factor (tan6) oil 
temperature for two systerns. in which the hard segments contents are 19% and 36%. 
respectively. This kind of polyurethane displays distinct transitions at -30T, which 
corresponds to the glass transition. The addition of organoclay resulted in a significant 
drop in peak height. However. both the peak position and width were not affected by 
the addition of organoclay. The result indicated that organoclay has not affected the 
phase separation between hard segments and soft segments in this system [22]. Wei 
[17] tound that the degree of hydrogen bonding ordering the hard segments in 
polyurethanes was reduced by the presence of' the silicate layers. Since the rigid 
silicate layers retarded the mobility of the hard segments more than that of' the soft 
segments. the formation of hydrogen bonding between the hard segments in these 
interfacial areas were, therefore, obstructed. However, this experiment showed that 
organoclay did not cause more hard segments to dissolve into the soft segment 
regions. Because a peak position and width did not change after organoclay was 
added in polyurethane systern. a reasonable explanation is that tile organoclay call 
affect the aggregation of the hard segment. 
8.5 Effect of Hard Segment Content on Dynamic Mechanical Properties 
8.5.1 Effect of Hard Segment on Polyurethane 
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Hard segments have a profound effect on polyurethane dynamic properties. Figures 
9.5a, 8.5b and 8.5c show storage modulus, loss modulus and loss factor versus 
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temperature for the polyurethanes. These curves are similar to those reported [23] in 
the literature. For microphase separated polyurethanes, the hard segment content 
affects the viscoelastic properties of the polyurethane. It is considered that alignment 
of chains to form hydrogen-bonded networks leading to hard domain [24] cause this. 
The hard segment content is very important to polyurethane materials [14,25]. 
Figure 8.5a shows the logE' vs. temperature for pure polyurethane with different hard 
segment content. With increase of hard segment content, at low temperature (below 
glass temperature transition), the polyurethane chains segments are frozen and cannot 
move freely. In this region, the storage modulus is not changed much with increasing 
hard segment content. At the glass transition region, the hard segment content does 
affect the storage modulus. The modulus continuously decreased with increasing 
temperature as expected.. The hard segments formed hard domains that were similar 
in behaviours to the carbon black in rubber [6]. 
Figure 8.5. b shows that loss modulus, E", did not change in the glass region. 
However, when temperature is about the Tg of the soft segments, the loss modulus 
increased with increase of hard segment content. There is an internal-fraction between 
the soft and hard segments. The content of hard segment affects the loss modulus over 
the glass temperature transition [25]. Figure 8.5. c shows the tan5 vs. temperature 
curve for the pure polyurethane samples with different hard segment contents. The 
peak position changes slightly with the increase in hard segment content from 18 to 
36%. This suggests that the state of soft phase is not affected significantly by hard 
segment content in this system. 
8.5.2. Effect of Hard Segments on the Polyurethane Nanocomposites 
Figures 8.5d to Figure8.5f show the DMTA results for the polyurethane 
nanocomposites with different hard segment contents prepared using C20 organoclay. 
The content of organoclay was 3wt. %. The hard segment affects the logE' and tan8 
curve. The effect of hard segment content on the polyurethane-organoclay 
nanocomposites has the same tendency as that shown by the pure polyurethane. The 
results indicated that hard segment content is also important in polyurethane - 
organoclay nanocomposites, because the hard domains can also be considered as 
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particles on the nanonletre scale [26]. In order to understand polyurethane 
nanocomposite properties. both the hard segment and the organoclay content should 
be considered together. 
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Figure 8.5d logE' versus temperature for (1) C20 3% PU nanocomposite with 
H 18% hard segment, (2) with H26%, (' 3) with H32%, and (4) with H 36% 
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The hard domain structure result from phase separation of the hard and soft segment 
in the polyurethanes [23]. The degree ofthis microphase separation is one of tile key 
parameters controlling physical properties of segmented polyurethailes. In these 
experiments, the soft segments were intercalated into the galleries of tile organoclay. 
The clay mixture was then reacted with IA-butane diol and the isocyanate. In this 
process. it may be that hard domains cannot form in the organoclay gallery. So, tile 
effect of hard segments in polyurethane nanocomposites has the same effect oil 
dynamic mechanic properties as that in pure polyurethanes. 
8.6 Relationship Between logE" and logE' 
From Figures 8.6. a and 8.6b. the results showed that there are some differences 
between the effect of organoclay and hard segments logE' from 7 to 9. In Figure 8.6a, 
with increase of hard segment. the loss modulus increase at same storage modulus 
condition. This indicates that there is more internal friction between tile hard and soft 
segments. when the soft segment moves on surface of the hard domain. However, 
when the 3% organoclay vvas added in polyurethane, it makes some change. 
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From Figure 8.6b. when storage modulus change from 7 to 9, the loss modulus, logE", 
did not change. It is clear that the organoclay has some effect on the polyurethane 
chains above the glass temperature transition of soft segment. There is an explanation 
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for these results. Some sol't segments may move on surface of organoclay more easily 
than on the surface of hard domain. So. the internal friction was not affected by the 
hard segment content. The results also can be explained by the difference between the 
primary particles oforganoclay and hard segments. When soft segments are stretched 
by a Iorce. they should transfer stress from soft phase to the hard phase. Considering 
both structures. an assumption is proposed. The organoclay gives more elasticity to 
the polyurethane than do hard segment domains. The interactions between organoclay 
and polyurethane maybe include surface absorption and chain entanglement. 
From Figures 8.6c and 8.6d. it is shown the function of organoclay and hard domains 
is different. Organoclays. 'cliains can be considered form "sandwich net nodes", like 
soft phase (soft segment)-hard phase (organoclay)-soft phase (polyurethane matrix). 
Claý prirnarý particle Clay aggregation structure 
40 100 nm (thickness) 2 -4 pin 
Figure 8.6c Schematic structure of organoclay in a polyurethane 
I lard domain structure 
-20nm 
Spherulic strUcture of' 
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Figure 8.6d Schematic structure of hard segments in a polyurethane. 
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In Chapter 9, a physical model of an organoclay-polymer system will be proposed 
from the WAXD-stretching experiments. This special structure could be considered as 
a "nano-spring". In the WAXD stretch experiment, the gallery of organoclay 
increases with increase of elongation. The gallery spaces return to its origin position 
after un-stretching. The hard domains can be connected with soft segment by 
chemical bonds and by surface absorption. Hysteresis and the associated mechanical 
loss processes can be partly attributed to the breakdown and reformation of interphase 
morphology during mechanical cycling [25]. There is great different between the 
effect of organoclay and hard segments. Adding of an organoclay gives a new method 
to design new high performance polyurethanes. 
8.7 Conclusions 
The storage modulus increased with increase in organoclay content. The loss modulus 
increased slightly with increase in organoclay content. However, the Tg of soft 
segment hardly changed. The glass transition temperature of the soft segments did 
not change with increase of hard segment content. The organoclay improved the 
elastic properties of the polyurethane. 
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Chapter 9 
Improvement of Fatigue Properties 
9.1 Introduction 
The characterization of deformation and fracture properties of materials is of great 
interest, particularly if they are subjected to cyclic loads (fatigue) [1]. The fatigue 
properties are related to the structure of a material. It is well known that the fatigue 
life under dynamic loading conditions directly depends on the material's response to 
cyclic stress or deformations. Commonly, cyclic loading effects are associated with 
certain micro-structure changes in the material, primarily, in the form of damage 
accumulation. The process is very complex. The net effect of several competing 
processes depends on many factors, including temperature, environment and the basic 
molecular properties of the polymer [2]. 
Some fillers, such as fibres, can improve the fatigue properties of polymers. The 
damage process in laminated composites subjected to fatigue loading is significantly 
different from that observed in non-fibrous materials [3]. Some of the damage modes 
that have been observed in composites under fatigue loading are matrix cracking, 
fibre matrix debonding, delaminating and fibre fracture [4]. Crack propagation plays 
an essential role in the fatigue behaviour of composites. When interface bonding is 
relatively weak, debonding and frictional sliding occur readily upon crack extension, 
allowing fibres to remain intact and bridge the crack. On the other hand, a high 
interfacial strength would inhibit interface sliding and lead to fibre fracture instead of 
crack bridging by intact fibres[4]. 
In fact, the fatigue [5]of elastomeric material has not been used fibre to improve. 
There are two reasons for this. First, the fibre reduces the elongation and elasticity of 
elastomeric materials. Second, the chemical composition and the chemical 
microstructure have a drastic effect on fatigue mechanisms, which is more important 
than in other polymeric materials. 
One aspect of nanotechnology is that it is now possible to design materials on a 
nanometre scale. This new approach demonstrates the potential to change 
characteristics of polymers. Because the organoclays provides very high specific areas 
and aspect ratios, the structure can lead to new behaviour [6]. If one considers, for 
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example, a small crack propagating through the material, it interacts with many nano- 
particles instead of encountering only a relatively few micro-particles. Certain aspects 
of this behavior are still poorly understood. 
It would be very useful to improve the fatigue properties of polyurethanes. Despite 
polyurethane's versatility for a wide range of uses, application of polyurcthanes are 
still limited by their hysteresis and the associated mechanical loss process can be 
partly related to the breakdown and reformation of the interphase during process of 
mechanical cycling [7]. The earliest papers on polyurethane deformation studied the 
modulus versus temperature behaviour and explained that the enhanced modulus 
could be ascribed to the micro-phase separation of the hard segments, which acts as 'a 
filler' for the polyurethane elastomer [8]. The hard domain structure and the boundary 
thickness between the hard and soft segment regions have been studied by SAXS and 
DSC measurements [9,10]. Fatigue behaviour of polyurethanes has been studied. [11, 
12]. These researchers suggested that destruction of the hard segment domains and 
inter-mixing of the hard and soft segments proceeded under cyclic deformation with 
increasing fatigue time. They noted that in the fatigue process, the process of phase 
mixing is dominant, followed by phase demixing related to rearrangement and 
reorientation of the hard segments which would finally lead to fracture. So, the fatigue 
consisted of three stages. (1) The domain orientation stage. (2) The phase-mixing 
stage. (3) The segment orientation stage. This fatigue mechanism was well illustrated 
by using a spherulitic deformation mode [ 13]. 
The organoclay can clearly affect some properties of polyurethanes, such as the 
mechanical and dynamic properties. The organoclay has large aspect ratio which is 
similar to fibre. Thus, it is possible that the organoclays can affect the fatigue 
durability of polyurethanes. In this chapter, the effect of organoclays on fatigue will 
be discussed. At the same time, the effect of the hard domains will also be considered. 
A model of the organoclay structure will be proposed to explain the experimental 
results. 
9.2 Mechanisms of fatigue failure 
Fatigue, the loss of strength or other important properties as a result of stressing over 
a period time, is a very general phenomenon in most materials. A typical material 
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subjected to a cyclic stress will ultimately fail at a particular time [14]. In cyclic 
deformation, stress and strain patterns are repeated over and over again, while the 
stresses are usually well below the ultimate failure stress measured in simple 
extension. Cracks may grow and the sample may fail. This experiment simulates 
mechanical vibrations. 
Fatigue failure involves two principal mechanisms: (1) the sample may get hot owing 
to adiabatic heating, which is especially true at the crack tip; and, (2) growth of the 
crack itselE The number of cycles to failure depends on the stress level. It is assumed 
by many investigators that all materials are flawed as made, even if the flaws are too 
small to be ordinarily noticed. On repeated stressing, these tiny flaws initiate cracks. 
In the next stage, these cracks propagate slowly, perhaps growing a bit with every 
cycle, or sometimes intermittently. Finally the material fails. [ 15]. 
The mechanism of crack growth was presented by Mertzbery and Manson [ 14] 
(1) High molecular weight and narrow molecular weight distribution polymer are 
generally more fatigue resistant. 
(2) Chemical changes such as bond breakage are to be avoided or minimized. 
(3) Elastic, inelastic and viscoelastic deformations of the chain is desired, as there 
motions absorb energy and tend to prevent crack growth, provided the sample does 
not heat up excessively. 
(4) Morphological changes such as drawing, orientation and crystallization also 
absorb energy and are desirable. 
(5) Samples undergoing cyclic stress at frequencies and temperatures near the glass 
transition temperature, or near secondary transitions will tend to heat up more than 
other wise causing softening or degradation. 
(6) Adiabatic heating caused by such hysteretic effects is clearly undesirable. 
(7) Inhomogeneous deformations, such as crazing and shear banding, absorb energy 
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and are desired. It is especially desirable to have shear banding occur before crazing. 
That is. the former mechanism should have a lower energy of initiation. 
Two nizkjor mechanisms prevail in determining the fracture resistance of polymeric 
materials [161. One primary, contribution comes from the energy to extend tile 
polymer chains. or some subsection. to the point of rupture. The second major 
contribution arises from viscous dissipation. Viscoelastic loss associated with chain 
deformation in the reuion around the crack tip is significant in determining the 
fracture resistance in polymers. The fatigue life is the number of cycles required to 
break a test piece repeatedly deformed to a prescribed tensile strain [ 17]. 
9.3 Effect of [lard Segment Content on Fatigue durability of Polyurethane 
-1 lie 1)()I% urethane Ps a block copolymer that exhibits several aspects of rubber-like 
elasticity. The hard segments play the same filler role as carbon black in natural 
rubber [ 18]. The hard segment is formed by the reaction of aromatic diisocyanate with 
loxv-weight diol extenders. Due to the polar nature of the urethane group in tile hard 
segments. and their ability to form hydrogen bonds, these hard segments are capable 
of intermolecular associations and possible domain segregation. The thermally 
reversible network structure of these copolymers provides for the elastorneric or 
apparent by crosslinked nature of these polymers [19]. Thus, the hard segment content 
should affect the fatigue durability. 
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Figure 9.3 Effect of hard segment content on fatigue durability 
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Figure 9.3a shows the effect of hard segment content on fatigue. The hard segments 
were formed by MDI and BDO. The soft segment is PPO. The results show the effect 
of the hard segment content on fatigue. With increase of hard segment content, the 
fatigue life increased. However, the effect is not particularly dramatic. Considering 
the structure of the hard domains, it is not simple about the effect of hard segment on 
the fatigue of polyurethane. The hard domains will increase the stiffness on the one 
hand, but on the other have a detrimental effect on the strain to break. The hard 
microphase region will resist changes in shape, while the soft phase will tend to 
change shape to accommodate the applied load. One would, therefore, expect that the 
larger concentrations of hard phase should be more able to retain their original shapes 
during the deformation of the macroscopic sample [7]. The hard domain structure will 
help benefit to stop the crack propagation. 
However, there is an interface between the hard domains and soft segments. The 
interface causes hysteresis. Hard segments are more sensitive to cyclic repeated 
staining since their physical crosslink points are relatively unstable against 
mechanical and thermal impact. Thus, their domain structure may undergo various 
types of restructuring process, such as extension of the inter-domain distance, 
orienting of the hard domains and break up and reformation of the phase-separated 
structure. The DMTA results gave evidence to support this position. Storage modulus 
increases with increase in hard segment content. At the same time, the loss modulus 
also increases. These results indicate that the hard segments have two kinds of effect 
on fatigue. Thus, the fatigue cycle number increases with an increase of hard segment 
content. 
9.4 Effect of Hard Segment Content on Fatigue Durability of Polyurethane 
Nanocomposite. 
Figure 9.4 shows that organoclay can improve the fatigue behaviour of this 
polyurethane. The organoclay content is 3 wt. %. The results using layered 
organoclay structures are achieved because of the high specific surface area and 
aspect ratio of the filler. Some researchers have suggested that these particles deform 
under stress to form microvoids that inhibit crack propagation, thus increasing 
toughness [20]. 
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Zilg [21] dernonstrated that exfoliation of the clay particles was central to achieving 
high performance in an epoxY systern. If this was not achieved, an intercalated 
structure -will result that increases stiffness. but has no other significant benefits. The 
results for the polyurethane nanocomposites in this study offer an apparent conflict 
with this reported behaviour. This means that the polyurethane nanocomposites could 
have a different mechanism for increasing toughness. The experimental results call he 
used to explain why fatigue becomes better in the polyurethane nanocornposite than in 
the pure polyurethane. The quality of the interface in a composite plays a very 
important role in the materials' capability to transfer stresses and elastic deformation 
from the matrix to the filler [22]. This is especially true for nanocomposites, because 
they impart a high proportion of interface. The results show that the stresses are 
efficiently transferred via the interface. 
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Figure 9.4 Cycles to number offatigue vs. hard segment content 
The organoclays are dispersed in the form of swollen clay particles where multiples of' 
clay layers are separated by polymer matrix. Some polyurcthanc molecules 
intercalated in the galleries of the organoclay. From DSC and DMTA results, the Tg 
of soft segment was not be affected by organoclay addition. This, shows that the 
molecules in the galleries do not express any obstacle in moving. The region of' 
organoclay formed a special structure, sol't (soft segnient)-hard (clay)-sol t 
(polyurethane chains) structure. The structure introduces additional nicchanisnis of' 
failure and energy consumption without blocking matrix det'Orination. Particle niaý 
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induce matrix yielding under certain conditions and may act as stoppers to crack 
growth by pinning the cracks [23]. 
From Figure9.4, it was observed that there is a maximum point. When the hard 
segment content is about 26%, the organoclay clearly improves the fatigue properties. 
With further increase of hard segment, the enforcement effect is reduced. When the 
hard segment content is over 25 wt. %, the polyurethane elastomer has a tendency to 
form an interlocking connected morphology [24]. With increasing the hard segment 
content, the possibility of intermolecular interaction increase between hard and soft 
regions, which reduces slipping of soft chains increases. Thus, the reinforce effect of 
organclay decrease with increase of the hard segment content. 
9.5. Effect of organoclay content on fatigue Durability 
Figure 9.5a to 9.5c show that the organoclay can improve the fatigue behaviours with 
different hard segment contents. The content of organoclay also affects fatigue 
behaviour. The high organoclay content could form agglomerates. The structure of 
these agglomerates introduces more imperfection void. They can act as stress 
concentration points, which may lead initial of crack formation, which finally leads to 
failure. Thus, agglomeraion may lead to the reinforcement effect of the organoclay 
decreasing. It is more related to the dispersion states of the organoclay particles. 
Additionally agglomerates would remain in the polyurethane matrix. A propagating 
crack could encounter a stress concentration locally and then easily induce the 
initiation of the final failure. Obviously, this embrittling effect occurs only at higher 
filler content, where more agglomerates are likely to be found. 
At low organofiller content, the fatigue durability can be improved. This indicates it 
testifies lower level of stress concentration. So, the organoclay particles should be 
small. This demonstrates the importance of a homogeneous distribution of organoclay 
in the polyurethane matrix. The more the organoclay particles are in contact with the 
polymer, the higher is the probability of interaction. Large contact areas benefit an 
efficient stress transfer between both parts and result in improved fatigue. 
The polyurethane-organoclay nanocomposites derive their good properties at low 
organoclay contents, due to the high aspect ratio and high surface area to volume ratio 
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of the nano-sized particles. The high aspect ratio is similarly to as glass fibres, which 
can resist crack propagation in polymers [3)]. Thus, addition of organoclay can make 
fatigue properties of polyurethane better. 
In this polyurethane system, three components have to be considered: organoclay 
particles (surface). the interfacial components (surfactant), and the matrix 
POIYUrethane chains. The surfactant molecules can be miscible with matrix 
polyurethane. The surfactant contacts the surface of the organoclay through all ion 
bond. It is possible that the energy can transfer from the polyurethane matrix to tile 
organoclay or from organoclay to the polyurethane matrix. During intercalation, 
polymer molecules move into the galleries. These molecules can move to the surfaces 
of these galleries. Thus. it is possible that there is an energy exchange between 
organoclay particle and polyurethane chains in these fatigue experiments. 
The polyurethane is not chemically stable under cyclic loading. Normally, the fatigue 
damage includes mechanical damage, chemical damage and thermal damage. The 
organoclay may play a pivotal role to reduce them. 
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9.6 Analysis of organoclay deformation under fatigue loading 
Fatigue behaviour of polyurethane nanocomposites is important for their applications. 
For polyurethane organoclay nanocomposites, there are two kinds of particles. One is 
the hard domains, and the other is the organoclay particles. The hysteresis and the 
associated mechanical loss processes should be attributed to the deformation of both 
particles during cycling process. 
The morphology and deformation mechanism of polyurethanes have been studied [7]. 
Assume, therefore, that during deformation, the relative positions of tile hard phase 
domains, with respect to each other, move affinity, but the shapes of' tile particles 
remain unchanged. In this model the particles represent the main concentrations of 
hard phase and will vary in shape and size. Simultaneous small angle X-ray scattering 
(SAXS) and force measurement have been recorded during tensile deformation of 
polyurethane elastomers [7]. The diffraction halo will results from tile interference 
between waves scattered from the statistical arrangement of particles. So tile results 
can be used to elucidate the nature of both the starting morphologies and how tile 
morphologies change during deformation. The experiment gave support to an 
explanation of the high hysteresis shown by polyurethanes, which can be partly 
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caused by the breakdown and reformation of the interface morphology during 
mechanical cycling [7]. 
From the fatigue experiments, the organoclay had the effect of causing improvement. 
However, it is not clear to how, or why, organoclay has such an influence on the 
fatigue life of the polyurethanes. The organoclay layered structure should stop the 
cracks in the fatigue experiment. On other hand, Dieesche [21] has suggested that 
particle deform under stress to form microvoids that inhibit crack propagation is cause 
of increased. 
The deformation mechanism of organoclay is not clear. In order to investigate the 
change of organoclay in the deformation process, an experiment has been designed. It 
is possible to obtain insights into the mechanism of the enhancement of the fatigue 
life of polyurethane nanocomposites under uniaxial tension by means of wide-angle 
X- ray diffraction (WAXD). 
The polyurethane nanocomposite sample was prepared using the 
HMDI/BDO/PPG/C20 system. The organoclay content was 5wt. %. The experimental 
schedule was as follows. The specimen was under uniaxial stress and held at the given 
length for 10 minutes, and the d-spacing was the measured. The stretching force was 
removed, and the d-spacing was then measured again. After a lapse of 10 minutes, the 
two-stage process was then repeated for different stretching ratios up to and including 
100%. Figure 9.6a shows the WAXD results, which clearly indicate that with 
increasing stretching ratio, the d-spacing increased. Figure 9.6b shows that the 
WAXD results, when the stretching force was removed. The results indicated that 
when this was done, the d-spacing went back to the original value. The WAXD data 
listed in Table 9.6 are also provided for comparison. 
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Figure 9.6a WAXD curve verSLIs diffraction angle at different stretch ratios 
for a polyurethane-organoclay (5 wt. %) nanocomposite. 
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wt. %) nanocomposite. 
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Table 9.1 WAXD result for the stretching test of the pol yurethane-organoc lay (5 
w-t. %) nanocomposite 
Status d-spacing (nm) 
Un-stetched (orginal) 3.69 
Stretched 25% ( status A) 3.87 
After stretching force was 
status A 
removed from 3.7 2 
Stretched 50% (status B) 3.92 
After stretching force was 
status B 
removed form -3.6 
7 
Stretched 75% (status C) 3.89 
After stretching force was 
status C 
removed form 3.75 
Stretched 100% (status D) 4.08 
After stretching force was 
status D 
removed from 33.67 
4 
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Figure 9.6c D-spacing vs. elongation 
In order to find out whether there is the same change in d-spacing at large 
deformations as under elastic deformation, a series of WAXD experiments was 
conducted at high stretching ratios. The WAXD results are shown in Figure 9.6c. At 
223 
Chapter 9: Improvement of Fatigue Properties 
large deformations, it remained the case that with increase of stretching ratio, the d- 
spacing increased. However, it was found that the change in d-spacing was smaller 
than that in the elastic deformation range with increase of stretching ratio. 
At large deformations above 100%, after the stretching force was removed, the d- 
spacing did not return to the original value. This is the result of viscous deformation. 
9.7 Understanding the improvement of fatigue durability 
The mechanism of the enhancement of the fatigue life of polyurethane can be 
explained as follows. During the fatigue testing, the interlayer distance of the 
organoclay intercalated by the polyurethane chains increased with stretching, and 
returned to the original value when the stretching force was removed. The process can 
be explained by Figure 9.6d. Such behaviour is the same as that of a spring. We may 
call such a 2: 1 phyllosilicate structural unit in the intercalated organoclay a nano- 
spring. 
Polyurethane 
chain 
I 
Original 
Stretching 
Removed 
Figure 9.6d Schematic diagram of d-spacing change during stretching 
During deformation, these nano-springs are capable of absorbing deformation energy, 
which could have caused crack growth those results in failure. The concentrated stress 
will be released and more frictional energy will be dissipated by the nano-springs. It is 
believed that this is the reason why the organoclay has such a significant influence on 
the fatigue life of polyurethanes. 
It is expected that this finding could provide a novel route for the design of new 
rubber tyres, which would be less susceptible to heat build-up. The cyclic dynamic 
deformation of a tyre during rolling causes a resistance force against the tyre motion, 
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the rolling resistance, and is accompanied by a conversion of mechanical energy into 
heat called heat build-up[25]. This effect can lead to rapid damage on tires. It is a 
problem that continues to impose limitations on the development of the automotive 
industry, despite the considerable improvement in the rubber compounds used and in 
the design for better grip tyres [25]. 
During rolling, compression deformation of the part of the tyre touching the ground 
will occur. Stretching deformation of other parts results, this will give rise to 
deformation energy. Because of the hysteresis of molecular motions of the rubber 
molecules, the deformation energy will be converted to heat, which will aggregate in 
the tyre causing heat build-up. If some of the deformation energy, before it is 
converted to heat, can be absorbed or dissipated, heat build-up will be reduced. The 
novel nano-spring concept can perhaps help to solve this problem. The principle of 
energy dissipated by the nano-springs is now discussed, briefly. 
When a system with N nano-springs is compressed, elastic deformation of the nano- 
spring will occur. Assuming that the total deformation energy is AE, the energy 
absorbed by a single nano-spring, because of elastic deformation, is AC, which will be 
converted to potential energy in the nano-spring, the heat build-up, AH, in the tyre 
will be equal to 
AH=AE-NAe (Equation 9.1) 
When, on the other hand, the system is stretched, elastic deformation of the nano- 
spring will also occur. The above analysis can then be adopted. In stretching/un- 
stretching, the nano-spring plays a pivotal role. It can distribute energy to the 
polyurethane chains. 
9.8 Conclusions 
Organoclays can improve the fatigue durability of polyurethane elastomers. The 
organoclay has a special effect on the fatigue behaviour of polyurethane samples with 
different hard segment contents. The effect is achieved through the high specific 
surface area and high aspect ratio of the organoclay. However, it also was found that 
the d-space of organoclay has a elastic nature at low deformations. Nano-spring in 
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polyurethane organoclay-nanocomposites has been postulated for the first time. 
During stretching, the distance of the gallery of organoclay intercalated by 
polyurethane chains increased. When the stretching force was removed, this distance 
returned to the original value. It is possible that the result will supply new ideas for 
developing a new type of tyre in future. 
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Conclusions and Future Work 
10.1 Conclusions 
In the research, a series of polyurethane (PU)-organoclay nanocomposites were 
synthesised by swelling organically-modified layered silicate in a polyol with 
subsequent polymerisation. The techniques of WAXD, SAXS, SEM, TEM, FTIR, 
MDSC, DMTA, contact angle measurement and tensile test were used to investigate 
the effect of addition of organoclay on curing dynamics, phase structure, tensile 
properties, dynamical mechanical thermal analysis (DMTA), fatigue durability and 
surface properties of PUs. 
WAXD and TEM indicated that the polyurethane-organoclay nanocomposites 
prepared are intercalated ones. SAXS showed that the size of hard domain of the 
polyurethane was about 10 - 30nm. The addition of organoclay resulted in a decrease 
in the long period. AFM revealed that the aggregation of hard domains occurred with 
addition of organoclay. The size of the aggregated domains was about 2ýtm. The 
addition of organoclay did not affect the glass transition temperature of the soft 
segments of the polyurethane. Organoclay could play a plasticizing role in in the 
polyurthane. 
FTIR and MDSC revealed that the addition of organoclay has an important influence 
on polyurethane formation. With increasing organoclay, the reaction between -OH 
group in polyol and -NCO in isocyanate became fast. This is because alkyammonium 
ions are one kind of weak catalyst, which promotes the reaction of polyurethane. The 
catalytic effect of organoclay, when less than 3Wt. %, was not significant. However, it 
was fund that in an open system, with increasing organoclay, the reaction rate 
between -OH group in polyol and -NCO in isocyanate decreased. It could be due to 
228 
Chapter 10: Conclusions and Future Work 
porous structure of organoclay, which leads the absorbtion of BDO molecules and 
migration of isocyanate molecules to free surface. 
The addition of organoclay can reduce the surface energy of polyurethanes. 
Organoclay made surface of the polyurethanes more hydrophobic. The incorporation 
of organoclay into polyurethane resulted in the migration of nonpolar groups (CH2, 
CHO to surface. AFM results revealed that organoclay can reduce the adhesive force 
at the surface, which partly depends on the soft segment content in the polyurethane. 
Tensile strength and elongation of polyurethanes at break were improved significantly 
by incorporating organoclay. The tensile strength increased up to 100%, and 
elongation increased up to 120%. At high soft segment content, with increasing 
organoclay, the modulus decreased slightly, and at low soft segment content, the 
modulus increased with increasing organoclay. The addition of organoclay improved 
significantly thermal stability of polyurethanes. DMTA demonstrated that the storage 
modulus increased, and the lost modulus also increased slightly with increasing 
organoclay. 
Fatigue measurements suggested that the fatigue durability of polyurethanes could 
significantly be improved by incorporating organoclay. A nanospring concept for 
understanding the enhancement has been proposed. 
10.2 Recommendations forFuture Work 
Polyurethane nanocomposites are inorganic-organic hybrids. In ideal case, the 
orgnaoclay maybe fully delaminated, and the I nm-thickness silicate layers could 
uniformly distribute in the polyurethane matrix. If such a structure can be obtained, it 
could be possible to improve the physical properties of polyurethanes such as frame 
retardancy and thermal conductivity. 
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In spite of the success in preparation of polyurethane nanocompoistes in this research, 
the technical realization is a challenge for industry. For example, in order to control 
the morphology of polyurethane-organoclay nanocomposites with improved physical 
properties, it is necessary to choose optimized process conditions. More R&D work 
is necessary in the polyurethane industry. 
For polyurethanes, the flame retardancy is long-term problem in application. Some 
inorganic fillers, such as hydrate alumina, which liberates water in an endothermic 
reaction, have been uses as flame-retardant agents. However The addition of the 
inorganic fillers adversely affects the physical and mechanical properties. Another 
class of flame-retardant agent is halogenated materials, which presents an 
environmental problem. Organoclay should be used as new kind of flame-retardant 
agent for polyurethane. 
In order to understand the relationship between structure and properties of 
polyurethane-organoclay nanocomposites better, modeling and theoretical work are 
necessary. 
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